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Preface

Responsible management of natural resources and reducing negative environmental impacts are

essential challenges of the 21st century. Innovative and sustainable solutions for recycling and reusing

materials are more necessary in a global context marked by increasing consumption and continuous

accumulation of waste. This collection of articles reflects the significant efforts of researchers in

transforming environmental challenges into opportunities, proposing advanced methods for the

reuse of residual materials, and contributing to the circular economy.

The included studies cover various topics, illustrating the interdisciplinary potential of materials

science, engineering, and applied chemistry. From processing complex plastics, such as polyethene

terephthalate (PET), to developing environmentally friendly composites from renewable materials,

each paper contributes to expanding the frontiers of knowledge in the recycling field. Thus, methods

such as electrospinning are being explored in order to transform recycled PET into high-performance

fibers, and solar-assisted cutting processes are being used to valorize waste from plastic injection

molding.

A remarkable aspect of this research is its focus on innovation and applicability. For

example, studies dedicated to regenerating polyurethane by alcoholysis highlight the possibility of

transforming waste into rigid foams with varied applications, demonstrating a pragmatic approach

to chemical recycling. The article on transforming polylactic acid (PLA) into value-added chemicals,

such as 1,2-propanediol, highlights advanced solutions for integrating a widely used polymer into

the circular economy.

Another promising direction is valorizing agricultural waste, such as protein hydrolysates used

for food preservation. By integrating these wastes into the food chain, the authors promote the

efficient use of natural resources, reduce waste, and offer natural alternatives for extending food

shelf life. At the same time, digital traceability initiatives and physical markings proposed for ABS

plastics demonstrate how technology can support the monitoring of recycling flows, ensuring better

waste management throughout the product life cycle.

In addition to technological solutions, the studies also address aspects related to the mechanical

and thermal properties of the obtained materials, emphasizing the importance of maintaining

performance standards. For example, the analysis of composites made from recycled metal powders

or materials made from recovered textiles reveals the direct impact of recycling processes on the

quality of the final products, highlighting the benefits brought to different industries.

This collection is addressed not only to researchers and practitioners but also to industry and

policymakers, offering a broad perspective on the opportunities and challenges related to recycling.

Cristina Cazan and Mihaela Cosnita

Guest Editors
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Article

Performance Evaluation of Out-of-Spec Carbon Prepregs for
Upcycling Purposes
Sanjeev Rao * and Dereck Bastienne

Department of Aerospace Engineering, Khalifa University of Science and Technology, Abu Dhabi P.O. Box 127788,
United Arab Emirates; 100035546@kustar.ac.ae
* Correspondence: sanjeev.rao@ku.ac.ae; Tel.: +971-2-312-4143

Abstract: In view of exploring the possibility of upcycling aerospace scrap, cure characteristics of
out-of-spec carbon fiber prepregs are investigated in this study. The cure behavior of the prepreg
is examined in the form of the mechanical cure conversion state of the material using a Dynamic
Mechanical Analyzer (DMA). Cure kinetics is modeled by comparing the storage modulus at the start
of the reaction (E′0) and instantaneously (E′t) during isothermal experiments with those of the fully
cured material (E′∞) obtained from dynamic scans. The glass transition temperature Tg and the extent
of reaction before gelation are modeled using the DiBenedetto model, where the Tg of each laminate
is determined in a DMA, per standard ASTM D7028. The mechanical properties, the extent of cure,
and the glass transition temperature of the cured laminates were determined according to industry
and international standards. The maximum conversion at temperatures between 100 ◦C and 140 ◦C
is approximately 80% (±5%). The modeled rate of conversion shows a reasonable match with the
experimental data, exhibiting a maximum reaction rate at about 30–40% of the cure conversion. The
predicted evolution of the Tg as a function of cure conversion using the DiBenedetto model provides
a 94% match with the experimental data. The multi-stage cure cycle based on the models offers
shorter cycle times and high-quality laminates. The mechanical test results indicate approximately a
13% and 15% decrease in tensile strength and modulus, respectively, compared to pristine ones. The
experimental extent of cure of the cured laminates (95.4%) is in close agreement with that predicted
by the model (97%). The porosity in the laminates is estimated to be approximately 2.4%, which is
acceptable in several industries.

Keywords: automated fiber placement; upcycling; out-of-spec prepregs; cure kinetics; DMA

1. Introduction

The Automated Fiber Placement (AFP) technology evolving from the Automated Tape
Laying (ATL) process has significantly advanced the aerospace manufacturing sector. Since
its introduction in the 1980s, it has been widely implemented across several aerospace
industries. The process uses narrow slit tapes in the range of 1

4 to 1
2 inch width compared

to the 6-to-11-inch tapes used in the conventional tape laying process. The narrow width
of the tape provides the user control over steering angles during placement, reduces fiber
buckling associated with conventional ATL methods, and reduces material wastage. The
AFP provides on-the-fly material debulking due to in situ compaction from the rollers and
application-based cutting alternatives, which are a few of the advantages of the process over
the traditional ATL method. This progression in technology also led to the development of
Out-of-Autoclave (OoA) slit tapes, presenting a cost-efficient alternative to conventional
autoclave processing, and expanding the possibilities for material application. The oven
curing process is a two-step process based on a primary low-temperature vacuum bag
curing and a high-temperature free-standing post-cure to obtain a high glass transition
temperature (Tg) of the laminate. Given that autoclaves are not involved, the technology
drastically reduces the initial investment of the process and can be easily adapted to a

Polymers 2024, 16, 1625. https://doi.org/10.3390/polym16121625 https://www.mdpi.com/journal/polymers1
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variety of components’ shapes and sizes, resulting in a much more versatile methodology.
However, irrespective of the advantages the process has to offer, there is some form of
material wastage arising from offcuts from ply-cutting operations, skeletons, trim waste,
end-of-roll waste, and out-of-spec material (within the aerospace industry, defined as
the materials surpassing their expiration date as provided by the manufacturer). It is
cost-prohibitive in the aerospace industry to re-certify such out-of-spec material, and it is,
therefore, disposed of in landfills, donated to research institutes, or consumed in-house for
research purposes.

In recent times, legislative changes, particularly the End-of-life Vehicle Directive
(2000/53/EC) [1], have significantly propelled the focus toward the recycling and upcy-
cling of materials, emphasizing the need for sustainable practices. Recent advancements in
the recycling of carbon fiber composites, especially through pyrolysis and solvolysis, have
shown promise in reclaiming fibers with minimal loss of integrity, aligning with the goals of
environmental sustainability [2,3]. Recycling carbon fiber composites provides great poten-
tial in reducing both cost and environmental effects and can generally be categorized into
three main groups: mechanical, thermal, and chemical. In mechanical recycling, composite
material waste is shredded between blades in mechanical shredders, and the resulting
pieces or powder form are used as fillers in other applications, such as roads, concrete
bricks, etc. This process is mostly effective for fiber glass parts that have been manufactured
using bulk molding or sheet molding compounds, and reclaiming fibers using expansive
and expensive processes may not be commercially or environmentally beneficial [4]. A
popular and effective process where expensive carbon fibers can be reclaimed is pyrolysis,
a thermal recycling process where the resin portion of the composite is eliminated via
decomposition in a high-temperature furnace with an inert atmosphere. In recent times,
this process has received substantial attention because of the possibility of reclaiming fibers
that may possess properties near their virgin counterparts. For example, in a recent work
by Abdou et al. [5], the authors have reported that it is possible to obtain fiber surface
morphologies close to that of the virgin fibers when the pyrolysis is conducted at 550 ◦C for
a period of 1 h. Yang et al. [6] have shown that it is possible to retain approximately 80% of
fiber tensile strength if the composite material was processed at 650 ◦C in an atmosphere
consisting of 5% oxygen for a period of 45 min. Kim and co-workers [7] have been able
to retain 90% of the tensile strength by exposing carbon fiber-reinforced composites to
superheated water steam at 550 ◦C for 30 min, followed by oxidation in midair at 550 ◦C
for 30–75 min. Jiang et al. [8] conducted pyrolysis in a nitrogen-purged microwave furnace
at various temperatures of 400, 500, and 600 ◦C for 30 min and revealed that it was not
possible to obtain completely clean fibers, even at high temperatures. Furthermore, Wei
and S.A. Hadigheh [9] described the low-temperature pyrolysis combined with solvolysis
pre-treatment as an effective recycling method for carbon fiber-reinforced plastic (CFRP)
waste. Stefania Termine et al. [10] reported that the pyrolysis process can reclaim carbon
fiber fabrics for reuse, and post-pyrolysis treatment improves fiber wettability but decreases
mechanical properties. Gabriel Nicolai [11] illustrated that thermochemical recycling is an
effective way to reuse carbon fiber, and recycled materials preserved physical structure
as well as tensile strength. In another work, Wong and co-workers [12] reported that
conventional pyrolysis techniques are sufficient to yield fibers that can be comparable
to their virgin counterparts, and other elaborate methods using mechanical, combustion,
gasification, or slow pyrolysis techniques are costly and may indeed yield poor-quality
fibers. Although thermal recycling methods may yield fibers with properties closer to
virgin ones, the recycling process, especially pyrolysis, results in fibers with considerable
char formation on the surface. Another efficient way is chemical recycling, where the
matrix material is separated from the fibers using solvolysis, glycolysis, and hydrolysis
techniques [13–16]. The process is able to extract fibers with no surface char and negligible
loss in their mechanical properties. Researchers [17–19] have worked on the chemical
recycling process and have reported the properties of the recovered fibers to be at least 80%
compared to virgin ones. Whilst several researchers have focused on recycling and methods

2



Polymers 2024, 16, 1625

to recover and reclaim reinforcing fibers for reuse, few have paid attention to upcycling car-
bon scrap that is generated during production. The process involves reusing scrap prepreg
materials resulting from ply cutter waste, end-of-roll, or expired material to manufacture
new composite parts. Nilakantan and Nutt [20] have presented a comprehensive study on
a practical and scalable way to process carbon fiber/epoxy prepreg scrap. The resulting
material can then be readily used to manufacture new products using hot pressing and com-
pression molding techniques. Kiss and co-workers [21] have used tattered layers between
fiber films to produce compression-molded plates that exhibit impact properties as high as
50% of those manufactured using virgin materials. Several research [20,22,23] regarding
upcycling focused on the mechanical properties of the byproduct, and few have focused
on the characterization of the scrap in order to use them efficiently. Therefore, in view of
exploring the viability of upcycling out-of-spec prepreg materials to manufacture sports
equipment, investigations have been carried out in this work to understand the change in
cure characteristics of the out-of-spec material. This work differs from those existing in the
literature by presenting the bottom-up approach to productively upcycle prepreg scrap.
The cure kinetics of the out-of-spec prepreg material is modeled based on the mechanical
cure conversion state of the material via a Dynamic Mechanical Analyzer (DMA), in essence
allowing the evaluation of the mechanical properties of the entire fiber-resin system.

2. Materials and Methods

An Out-of-Autoclave (OoA) towpreg, CYCOM® 5320-1, supplied by Cytec/Solvay
Engineered Materials Inc., Woodland Park, NJ, USA was used in this study. The OoA slit
tape is specifically designed for the Automated Fiber Placement (AFP) process, consisting
of IM7 carbon fibers impregnated in toughened CYCOM® 5320 epoxy resin. The material
had surpassed its shelf life by a year but was stored in refrigerated conditions during that
period of time.

The mechanical cure characteristics of the out-of-spec towpreg were investigated
via experiments in a DMA 8000 equipment from Perkin Elmer®, Waltham, MA, USA.
Isothermal and dynamic scan experiments were carried out at a frequency of 1 Hz under
strain control mode, using a single cantilever setup [24,25]. Isothermal experiments were
conducted at 10 ◦C intervals between 100 ◦C and 140 ◦C, and dynamic scans were carried
out at 2 ◦C/min between −30 ◦C and 300 ◦C. The dry glass transition temperature ‘Tg dry’
was determined as per standard AITM-0003 [26] on cured samples that were prepared in
accordance with standard EN 2565 [27]. Five samples were tested in total, and the average
Tg dry was determined using tangents across loss moduli traces and tan δ peaks.

Simple balanced symmetric laminates [90/+45/0/−45/90] were manufactured us-
ing an in-house fiber placement system that consisted of a roller and a 20 kN load cell
(Omegadyne LCM202) housed between the roller and the tool arbor of a Bridgeport®

milling machine. The layup temperature was monitored using an infrared camera (FLIR
A655sc), and a hot air gun from Bosch®, Abu Dhabi, United Arab Emirates, was used as
the heat source [24]. The obtained thin laminates (<2 mm) were cured using only a vacuum
bag in a convection oven. The two-step curing cycle with two ramps and two holds at
121 ◦C and 177 ◦C was designed based on mechanical curing experiments using DMA
techniques. The multi-stage cure cycle consisted of a temperature ramp from ambient until
approximately 120 (±5) ◦C at the rate of 2 ◦C/min, followed by a temperature isotherm
dwell stage for approximately 1 h, during which edge devolatilization and temperature
uniformity between the tooling and laminate is attained. An aluminum flat plate tooling
of 5 mm was used to cure all the plies, and it was determined via experimentation in a
convection oven that 2 ◦C/min provided uniform heating throughout the plate. The layup
and consumables used in this study, shown in Figure 1, consisted of an edge dam with
80 g/m2 plain weave glass for edge breathing/bleeding and a perforated release film over
which a 140 g/m2 polyester bleeder/breather (N4 from Airtech®, Huntington Beach, CA,
USA) was used for face bleeding. High-temperature vacuum tape AT-200Y from Airtech®

was used to seal the nylon vacuum bags (Airtech®, Wrightlon® 7400). Further details of
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the hardware set-up and the processing conditions for the automated layup can be found
in [28].
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Tensile tests were conducted on manufactured coupons as per standard ASTM C 3039 us-
ing an Instron universal testing machine with a 50 kN load cell. The calibration results of
prior experimentations showed a maximum error at 125 N to be 0.05% (0.0625 N) with a
repeatability of 0.05%. An extensometer with a gauge length of 50 mm was used to record the
strain. The voids and porosities were determined using a Matlab® (R2023a) program from 2D
optical images of the sample cross-sections using a Zeiss AX10 stereo microscope.

The measurement of the degree of cure α′ was established in accordance with the
prescribed AITM 3-0008 standard [26], employing the Perkin Elmer DSC 8500 instrument
subsequent to the conditioning of the specimens, following the guidelines outlined in
EN2743 [29]. Determination of the degree of cure was carried out via the utilization of
Equation (1), with an accompanying adjustment for 100% resin content achieved through
the implementation of EN 2559 [30], thereby facilitating the determination of the authentic
resin content present within the system.

α′ =
∆HA − ∆HB

∆HA
100[%] (1)

where ∆HA is the reaction of enthalpy in Joules of the A curve, which is heated at a rate of
10 ◦C/min, and ∆HB is the reaction of enthalpy in Joules of the B curve, which is subjected
to the curing cycle that is being investigated.

Thermal scans were conducted for the uncured prepreg from either ambient or sub-
ambient (−40 ◦C) up to 300 ◦C for a series of ramp rates: 1 ◦C/min, 1.5 ◦C/min, and
2 ◦C/min. It is a quick method used to study thermal transitions and also provides
estimates for the glass transition temperature of the uncured and fully cured material.
Isothermal curing experiments were conducted within a temperature range of 100 ◦C to
140 ◦C, with a 10 ◦C increment, in order to investigate the cure progression as a function of
time and temperature.

Due to thermal overshoots resulting from the swift temperature rise, the temperature
was allowed to stabilize within ±2 ◦C of the target isotherm, which took about 14 to 20 min
after the starting time, depending on the temperature. For each isothermal temperature,
the test was made to run up until the reaction was effectively quenched, that is, when
the rate of increase in storage modulus tends to zero, which is analogous to the heat flow
approaching zero in DSC experiments.

2.1. Cure Kinetics Modeling

The cure conversion of the towpregs was calculated using Equation (2) [24]. For each
curing temperature, the storage modulus at the beginning of the reaction (E′0) and the
instantaneous storage modulus at different times (E′t) were obtained from the isothermal
tests, while the maximum storage modulus value of the fully cured material (E′∞) was
acquired from the dynamic scan.

α =
E′t − E′0
E′∞ − E′0

(2)

4
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The rate of reaction (dα/dt) was obtained by differentiating the cure conversion
curves with respect to time. Within the isothermal processing conditions considered, a
good correlation between the model and the experimental data was obtained using the
modified autocatalytic kinetic model developed by Kamal and Sourour [31], which accounts
for the diffusion reaction control due to vitrification, as outlined below.

dα
dt

= (k1 + k2α
m)(1− α)n (3)

where α is the cure conversion and m and n are the reaction orders. k1 and k2 are the
reaction constants and follow the Arrhenius temperature-dependent relationship given by

ki = k0iexp
(−Eai

RT

)
for i = 1, 2 (4)

where k0 is the pre-exponential factor, Ea is the apparent activation energy, R is the gas
constant, and T is the absolute temperature.

2.2. Gel Time and Vitrification Time Evaluation and Modeling

Gelation was estimated to occur at the inflection point of the storage modulus curve
during the isothermal curing. The theoretical gel time as a function of cure kinetics is
expressed in Equation (5) [32]

tgel =
1

K(T)

∫ αgel

0

1
f(α)

dα (5)

where K(T) is the kinetic parameter and f(α) is the function of the reaction mechanism and
cure conversion. Flory’s gelation theory [33] can then be used to linearize it (Equation (6)).
The apparent activation energy (Ea) is obtained from the slope of Equation (6).

ln
(

tgel

)
=

Ea

RT
+ constant (6)

Vitrification during curing appears when the glass transition temperature of the
crosslinked polymer reaches the curing temperature. In this experiment, the start of
vitrification on the storage modulus curve is representative of E′, attaining a maximum
value asymptotically.

2.3. DiBenedetto Model

Several laminates were cured at 120 ◦C for various periods of time in order to reach a
pre-defined fractional conversion (x) estimated from the cure kinetics model. Subsequently,
the Tg of each laminate was determined by a dynamic DMA scan, in accordance with ASTM
D7028 [34]. Since Tg is sensitive to the overall dimension of the sample, each test sample
was one layer thick in order to minimize random errors when it comes to the computation
of the Tg values. The onset of the sharp drop in the storage modulus was used as the
criterion for determining the glass transition temperature. Three samples were tested for
each degree of cure, and an average was taken. The variation of the Tg with respect to the
cure conversion was modeled with the DiBenedetto equation [35] as follows:

Tg = Tg0 +
λx
(
Tg∞ − Tg0

)

1− (1− λ)x
(7)

where Tg0 and Tg∞ are the glass transition temperatures of the unreacted and the fully
cured system, respectively. λ is obtained by fitting Equation (7) to experimental data of the
degree of cure and glass transition temperature, which is a limiting case; when α = 0, then
Tg = Tg0, and when α = 1, Tg = Tg∞.
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3. Results and Discussion
3.1. Cure Kinetics

The cure kinetics of the Out-of-Autoclave (OoA) towpreg investigated via DMA
analysis in this work enables the evaluation of the mechanical properties of the entire
fiber-resin system during the curing process. The instantaneous cure conversion (α) as a
function of time was determined as per Equation (2) using a series of isothermal curing
traces. In Figure 2, the conversion is characterized by three stages. The first one is a flat
region, indicating negligible cure that monotonically decreases with the increase in testing
temperatures; the second one is a rapid increase in conversion due to the change in the rate
of the reaction until it asymptotically attains a maximum value, which is followed by the
third region, where the rate of reaction sufficiently slows down to exhibit a plateau. This is
caused because of the crosslinking-induced vitrification, whereby the molecular mobility
is hindered, and the reaction assumes diffusion-controlled kinetics. The time evolution
of the reaction rate for the series of isothermal cure processes (Figure 2) was obtained
by differentiating the cure conversion curves with respect to time. All patterns are well
described by Gaussian functions, and a monotonic increase in the reaction rate with the
curing temperature is verified.
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Figure 2. Time evolution of the mechanical cure at various isothermal temperatures (left) and
time-evolution of the conversion rate at various isothermal temperatures (right).

The key observation in Figure 2 is that the rate of the reaction progresses with the
increase in temperature, confirming the ability of the system to achieve a cure. The cure
conversion percentage is an estimate of how much resin has already been cured at that
temperature, and the information is required to apply autoclave pressure such that the
voids and porosities are squeezed out of the laminate. A higher conversion rate means
higher resin viscosity, and the propensity of voids and trapped porosities in the laminate is
high, and at a lower conversion, the resin viscosity is low, and the application of pressure
may lead to resin bleeding and dry spots.

The maximum conversion at temperatures between 100 ◦C and 140 ◦C is approximately
80% (±5%). The modeled rate of conversion plotted as a function of the mechanical cure
conversion in Figure 3 shows a reasonable match with the experimental data, exhibiting the
maximum reaction rate at about 30–40% of the cure conversion. The maximum fractional
conversion (αmax) was found to be dependent on the cure temperature and is expressed as
a linear relationship based on the experimental data (Figure 3). Furthermore, the obtained
values for the maximum achievable conversion at each temperature are in agreement with
those previously reported in the literature [36–38].
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The constants and exponents of the autocatalytic model (k1, k2, m, and n) were deter-
mined using a non-linear least-square fit, based on the Levenberg Marquardt algorithm,
for each isothermal ‘rate of reaction’ curve. The total reaction order (m + n) was found
to be relatively insensitive to the cure temperature, resulting in an average value of ap-
proximately 2. This is in close agreement with several thermoset polymerization reactions
found in the literature [39,40], further validating the assumption of the cure mechanism to
remain unchanged in the temperature band considered in this study. The reaction constants
and the activation energies were calculated from the linear region of ln k vs. the reciprocal
of the cure temperature (1/T), as listed in Table 1; these findings are in coherence with
Francucci et al. [41].

Table 1. Calculated kinetic parameters of the autocatalytic model.

Pre-Exponential Factors Apparent Activation Energy Reaction Order Maximum Conversion

k01 (s−1) 16.45 Ea1 (kJ/mol) 54.25 m 0.86
αmax 0.00172(T) + 0.119k02 (s−1) 3.43 Ea2 (kJ/mol) 28.44 n 1.11

3.2. Gel Time and Vitrification Time Modeling

The gel times for the series of isothermal cure temperatures are summarized in Figure 4.
The combination of the viscoelastic results with the cure conversion of each curing tem-
perature allowed us to determine the degree of cure at the gel point ( αgel ). In the review
works by Bilyeu et al. [42], the authors have summarized the various criteria that have been
proposed in the literature to determine the gel point, such as the crossover point between
the storage and loss moduli, the peak of the tangent delta, the onset of the increase in stor-
age modulus, the peak in loss modulus, the inflection point of the storage modulus curve,
and the onset of the plateau of the maximum value of the storage modulus. Therefore, in
this study, the gelation time is estimated to occur at the onset of the increase in the storage
modulus and complex viscosity curves.

A statistical average value of αgel =0.486 was obtained from the isothermal curing ex-
periments, which appears to be comparably lower than that reported in the literature [43,44].
This may indeed be due to the aging of the prepreg. However, as the standard deviation
of the data set is within the acceptable range (5.3%) to apply Flory’s gelation theory [33],
Equation (6) was used to obtain a linear relationship between the gel time as a function of
the cure temperature, as seen in Figure 4. The gradient of the straight line in Figure 5 is
then used to obtain the apparent activation energy for the gel time model (48.92 kJ/mol).
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ing (left), Arrhenius linear fit for the calculated kinetics constants (right).

3.3. Tg-α Conversion

The DiBenedetto model (Equation (7)) [35] is used to relate the glass transition tem-
perature and the extent of reaction before gelation. The glass transition temperatures of
the unreacted (Tg0) and the fully cured system (Tg∞

)
were determined from a dynamic

scan from −30 ◦C to 300 ◦C at a rate of 2 ◦C/min, while applying a strain amplitude of
50 µ at a frequency of 1 Hz. The experimental data to obtain the pre-defined degree of
cure at Tg was estimated by letting the towpregs cure at 120 ◦C for various periods of
time such that they reached the required pre-defined degree of cure (estimations from the
cure kinetics model), as seen in Figure 6b. Following this, the Tg of all pre-cured samples
were determined in a DMA as per ASTM D7028 [45] (Figure 6a). The wet glass transition
temperature of the polymer, Tg0, and the fully cured Tg∞ are determined in Figure 6, and
the DiBenedetto model was used to predict the evolution of the Tg as a function of cure
conversion. In Figure 6d, the theoretical model provides a reasonable fit (94% match) with
the experimental data of the Tg evolution as a function α [46].
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3.4. Manufacturing Cure Cycle

The manufacturer’s recommended cure cycle for the vacuum bag only cure consists
of several ramps and holds [47], which would invariably drive the cost of manufactur-
ing. As sporting industry products are price sensitive compared to those in aerospace,
it is important to keep the manufacturing costs to a minimum for product viability [48].
Therefore, in this work, a multi-step cure with two ramps is designed to cure the relatively
thin laminates (<2 mm) using only a vacuum bag in a convection oven [49]. The two-step
curing cycle with two ramps and two holds at 121 ◦C and 177 ◦C was designed based on
the mechanical curing experiments using DMA techniques (Figure 7a). The multi-stage
cure cycle (Figure 7b) consisted of a temperature ramp from ambient until approximately
120 (±5) ◦C at a rate of 2 ◦C/min, followed by a temperature isotherm dwell stage for
approximately 1 h, during which edge devolatilization and temperature uniformity be-
tween the tooling and laminate is attained. The vacuum bag pressure was maintained at
approximately 0.5 bar to prevent premature curing due to high vacuums. At the chosen
temperature ramp rate, the resin attains its minimum viscosity at approximately 151 min,
during which the vacuum pressure was increased to −1 bar to facilitate face bleeding
(normal to the top laminate face) to remove any entrapped air and volatiles from the central
areas of the laminate. The second stage of the temperature ramp was applied at the end
of the temperature dwell until a cure temperature of 177 ◦C, where the actual curing of
the resin takes place. At the end of the cure temperature dwell, the oven temperature is
reduced gradually at approximately 2 ◦C/min until the laminate reaches at least 50 ◦C,
following which the vacuum is bled [49].
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with the achievable maximum cure.

3.5. Mechanical Tests, Extent of Cure, and Glass Transition Tg

The mechanical test results show an approximately 13% and 15% decrease in tensile
strength and modulus values, respectively (Table 2), compared to pristine material [47].
The reduction in tensile properties is analogous to the decrease in the cure properties and
can be attributed to the maximum achievable cure of the out-of-spec material. However,
the marginal change in properties may indeed not hinder their applicability in sports and
recreational goods, as the structural requirements in those sectors are relatively lower
compared to those in aerospace applications.

Table 2. Mechanical properties from the tensile tests conducted per standard ASTM C 3039.

Tensile Strength (MPa) Tensile Modulus (GPa)

Manufacturer’s data 917 59
Test coupons 800 (±20) 50 (±5)

The extent of cure determined using the DSC methods on three cured samples exhibits
an average cure of 95.4% (±1.2%) (Table 3), correlating well with the results of cure kinetics
that were obtained using DMA methods (97% cure at 177 ◦C). While out-of-spec materials
may not be suitable for the aerospace industry due to stringent rules and regulations around
aged materials, it is still possible to use them in other practical applications, as they result
in relatively good-quality laminates.

Table 3. The extent of cure via DSC analysis conducted per standard AITM 3-0008.

Sample ∆H100 (J/g) Tonset (◦C) Tpeak (◦C) ∆H (J/g) α′ (%)

1 443.1 190.7 250.5 25.84 94.2
2 443.1 185.9 249.0 20.60 95.3
3 443.1 183.0 250.3 13.66 96.9

The void fraction was determined using cross-sectional micrographs of three laminates
(Figure 8). Three regions of interest (ROIs) of each sample were evaluated at 10× and 20×
in Matlab® (R2023a) environment, and the results are listed in Table 4. An example of one
region that was considered for evaluation is shown in Figure 8a. The micrographs show an
average of 2.4% in all the regions considered as seen in Figure 8b. This indicates that the
out-of-spec material is still able to produce laminates with minimum voids compared to
the non-expired material (0.15%) [50].
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the storage modulus (E′). The experimental Tg value (193.1 °C) is slightly lower compared 
to the one indicated by the manufacturer (196.7 °C). This expected result, on the one hand, 
proves that the maximum degree of cure and mechanical properties practically achievable 
for this prepreg cannot be obtained with an out-of-spec (expired) tape, and on the other 
hand, the quality of the laminate is not much lower. Therefore, while the material cannot 
be used for aerospace applications, it can be used for other purposes, such as sports equip-
ment, where the necessary specifications are less strict. 

Figure 8. Optical micrograph of the cross-section of sample 1, with the red shaded region indicating
ROI 1 that is used for void calculations.

Table 4. Void content of manufactured samples at two magnifications.

Resolution

10× 20×

Sample 1
ROI 1 (%) 2.5 1.9
ROI 2 (%) 2.6 2.5
ROI 3 (%) 2.3 2.8

Sample 2
ROI 1 (%) 2.8 2.4
ROI 2 (%) 2.1 2.2
ROI 3 (%) 2.2 1.8

Sample 3
ROI 1 (%) 2.5 2.6
ROI 2 (%) 2.8 2.6
ROI 3 (%) 1.8 2.8

Average 2.4 2.4

Standard deviation 0.3 0.3

The glass transition temperature (Tg) of the cured laminate was determined in accor-
dance with standard AITM-0003 [26] (Figure 9), considering the onset of the drop of the
storage modulus (E′). The experimental Tg value (193.1 ◦C) is slightly lower compared to
the one indicated by the manufacturer (196.7 ◦C). This expected result, on the one hand,
proves that the maximum degree of cure and mechanical properties practically achievable
for this prepreg cannot be obtained with an out-of-spec (expired) tape, and on the other
hand, the quality of the laminate is not much lower. Therefore, while the material cannot be
used for aerospace applications, it can be used for other purposes, such as sports equipment,
where the necessary specifications are less strict.
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manufactured from the out-of-spec prepregs is 95.4%, which may indeed not be adequate 
for aerospace applications but is sufficient for other non-aerospace applications.  

Following the analysis, the out-of-spec material was used to manufacture tubing that 
was used to produce framesets for professional touring bicycles. The Mandel wrapping 
technique was used to manufacture the tubing that was cured in a convection oven using 
the designed cure cycle (Figure 7b). The bicycle was designed to withstand a 150 kg rider 
and handle severe crosswinds, and the weight of the bicycle frame is well under 1 kg. The 
product demonstrator developed showed that the aged prepregs can indeed be upcycled 
rather than being discarded as landfill. 
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Figure 9. Mechanical properties’ time evolution during the DMA two-step cure cycle and evaluation
of the Tg from the onset of the drop of the storage modulus.
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4. Summary
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manufacturing process as opposed to the conventional DSC methods. The autocatalytic
model, which was developed by comparing the storage modulus at the start of the reaction
(E′0) and instantaneously (E′t) during the isotherm experiments with those of the fully
cured material (E′∞) obtained from the dynamic scans, shows a reasonable match with
experimental data. The maximum conversion at temperatures between 100 ◦C and 140 ◦C
does not exceed 80% (±5%) and is found to be linearly related to the cure temperature.
The aging of the prepreg has evidently lowered the degree of cure at the gel point to
0.486 compared to pristine ones. However, the evolution of the Tg as a function of cure
conversion that was modeled using the DiBenedetto equation provides a reasonable fit
(94% match) with the experimental data, undermining the effect of viscoelastic results with
the cure conversion αgel. The shorter multi-stage cure cycle that was developed results in
shorter cycle times with negligible loss in the mechanical properties that can be attributed
to the aging of the prepregs. The maximum cure that can be obtained in the laminates
manufactured from the out-of-spec prepregs is 95.4%, which may indeed not be adequate
for aerospace applications but is sufficient for other non-aerospace applications.

Following the analysis, the out-of-spec material was used to manufacture tubing that
was used to produce framesets for professional touring bicycles. The Mandel wrapping
technique was used to manufacture the tubing that was cured in a convection oven using
the designed cure cycle (Figure 7b). The bicycle was designed to withstand a 150 kg rider
and handle severe crosswinds, and the weight of the bicycle frame is well under 1 kg. The
product demonstrator developed showed that the aged prepregs can indeed be upcycled
rather than being discarded as landfill.
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Abstract: It is generally recognized that the use of physical and digital information-based solutions
for tracking plastic materials along a value chain can favour the transition to a circular economy
and help to overcome obstacles. In the near future, traceability and information exchange between
all actors in the value chain of the plastics industry will be crucial to establishing more effective
recycling systems. Recycling plastics is a complex process that is particularly complicated in the case
of acrylonitrile butadiene styrene (ABS) plastic because of its versatility and use in many applications.
This literature study is part of a larger EU-funded project with the acronym ABSolEU (Paving the way
for an ABS recycling revolution in the EU). One of its goals is to propose a suitable traceability system
for ABS products through physical marking with a digital connection to a suitable data-management
system to facilitate the circular use of ABS. The aim of this paper is therefore to review and assess the
current and future techniques for traceability with a particular focus on their use for ABS plastics as a
basis for this proposal. The scientific literature and initiatives are discussed within three technological
areas, viz., labelling and traceability systems currently in use, digital data sharing systems and
physical marking. The first section includes some examples of systems used commonly today. For
data sharing, three digital technologies are discussed, viz., Digital Product Passports, blockchain
solutions and certification systems, which identify a product through information that is attached
to it and store, share and analyse data throughout the product’s life cycle. Finally, several different
methods for physical marking are described and evaluated, including different labels on a product’s
surface and the addition of a specific material to a polymer matrix that can be identified at any point
in time with the use of a special light source or device. The conclusion from this study is that the
most promising data management technology for the near future is blockchain technology, which
could be shared by all ABS products. Regarding physical marking, producers must evaluate different
options for individual products, using the most appropriate and economical technology for each
specific product. It is also important to evaluate what information should be attached to a specific
product to meet the needs of all actors in the value chain.

Keywords: ABS plastics; traceability; circular economy; physical marking; recycling

1. Introduction

During the last decade, EU regulations and the work of the European Telecommuni-
cations Standards Institute have encouraged more traceability across the value chain [1],
especially in the food and pharma sectors, to guarantee to end users and companies that
counterfeiting is being prevented.

Because of the more extensive regulations, more severe security threats to the goods
and materials transported along supply chains and the demand for the fast, flexible and
secure exchange of information, traceability has become the responsibility of all organiza-
tions in the value chain, from raw material providers to retailers who sell products to end
customers. The aspects of traceability are unique identification, data capture and recording,
link management and data communication. For the implementation of these principles,
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different technologies have been used, such as automated identification, electronic data
processing and electronic data interchange [2].

One of the objectives of the EU-funded project with the acronym ABSolEU (Paving the
way for an ABS recycling revolution in the EU) is to propose a suitable traceability system
for ABS products through physical marking with a digital connection to a suitable data
management system to facilitate automated identification, electronic data processing and
electronic data interchange for the circular use of ABS. Using this system is expected to facil-
itate the selective sorting and recycling of ABS materials as well as the circular use of ABS in
general. In addition to this, the system is also expected to provide information by collecting
and managing data from different processes throughout the value chain about the origin of
feedstock, including the proportion of recycled material, production/manufacturing in-
structions, service life conditions and disassembly instructions to allow for communication
and the interchange of data with actors in the whole value chain, such as consumers, waste
managers, recyclers, second-life users and producers, and provide a basis for their decision
making. The biggest difficulty in creating a traceability system for ABS materials is the lack
of information and data sharing between actors along the value chain and the complexity
of ABS plastics.

1.1. Characteristics of ABS

ABS resin is a terpolymer consisting of three monomers: acrylonitrile, butadiene
and styrene. In general, ABS consists of a continuous phase of copolymers of styrene
and acrylonitrile (SAN), whereas butadiene usually forms the dispersed phase. ABS is
produced mainly using two different polymerization processes, viz., mass and emulsion
processes. In the first of these, styrene and acrylonitrile react in the presence of a polybu-
tadiene substrate, whereas in the second of these, ABS is produced in two steps. In step
one, butadiene is produced in an aqueous emulsion using radical initiators and emulsifiers,
followed by a grafting step in which styrene and acrylonitrile are emulsion polymerized
onto the polybutadiene substrate [3]. The most important mechanical properties of ABS
are its impact resistance and toughness. Various modifications of ABS are made to alter
its impact resistance, toughness and heat resistance. For example, its impact resistance
is heightened by increasing the proportions of polybutadiene in relation to styrene and
acrylonitrile, although this causes changes in other properties. In addition to the proportion
of polybutadiene, morphology has a significant additional effect on its material properties.
For example, increasing the size of rubber particles can increase its toughness, whereas
increasing the polymer chain length produces a stronger material [4]. Different manufactur-
ing methods also affect the properties of ABS plastics [5]. In particular, injection moulding
conditions should be controlled carefully to ensure that shear is kept to a minimum, to
avoid excessive pressures during the packing phase in the mould and to ensure the linear
formation of the butadiene chains.

The ageing characteristics of ABS are largely influenced by the polybutadiene content.
The thermo-oxidative degradation of ABS leads to the formation of oxidation products
and a decrease in unsaturated bonds in the butadiene phase. In addition, cross-linking
in the butadiene phase has been observed through studies of molar mass changes during
oxidation [6]. Cross-linking and chain scission in the polybutadiene phase are also observed
as a result of the photodegradation of ABS but this degradation is mainly limited to the
exposed surface of the material [7]. Consequently, it is common to use antioxidants in
the composition as well as additives or a surface coating to protect ABS materials against
ultraviolet (UV) radiation.

As can be seen clearly from the above description, by changing the proportions of
ABS components and additives, ABS materials can be prepared in many different grades
for two major manufacturing categories, viz., for extrusion and for injection moulding.
Consequently, ABS due to its versatility is used in many applications, such as car parts,
toys, electronic housings, consumer products, pipe fittings and many more, and creates
the second most amount of waste after polyolefins [8]. The great variety of its uses and
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the variability in the product composition as well as the presence of polymer mixtures
constitute the main obstacles concerning ABS recycling.

1.2. Recycling of ABS

Global ABS demand in 2023 was 20.6 million tons, growing at a compound annual
growth rate of 4.5% from 2018 to 2023 [9]. This can be compared to the global consumption
volume of recycled ABS of 2.6 million tons in 2022 [10]. This means that to realize the
European vision of more than half of the plastic waste generated in Europe to be recycled
by 2030 (EUR-Lex—52018DC0028), we need to accelerate plastic circularity significantly.

The main problems concerning ABS recycling are the variability in its applications,
material compositions, the presence of polymer mixtures and the use of additives. Despite
these, there are already European and national requirements on how much material must
be recycled within various industrial sectors. For example, one of the biggest areas of use
for ABS is the automotive industry. This sector is regulated in the EU by the end-of-life
vehicles (ELV directive) [11], which requires 85% of products to be reused and recycled and
95% to be reused and recovered. The new proposal from the EU Commission in July 2023
that aims to enhance the circular design of vehicles requires a minimum of 25% of recycled
plastic to be used in vehicle manufacturing, with 25% of that coming from recycled ELVs,
which will be achieved soon. The proportion of ABS in plastics that are used in electric and
electronic equipment is about 30%. This industry sector is also regulated in the EU by the
Waste of Electric and Electronic Equipment (WEEE) directive [12], which requires 70%–80%
of waste to be recovered in the form of energy and/or materials.

Mechanical recycling is the most used recycling method for ABS and refers to pro-
cessing waste into secondary raw materials without significantly changing the materials’
chemical structure. The limitation of the mechanical recycling process is that it may cause
chain scission and thermo-oxidative degradation, which degrades the material proper-
ties, leading to downcycling [13]. Another common problem is contamination with other
polymers, which usually leads to a significant deterioration of the material properties [14].
In addition, even small amounts of some other contaminants can reduce the quality of
recycled materials, limiting their end-use options. However, there are also methods to re-
pair recycled materials. The successful renovation of molecular chains and phase interface
of recycled ABS was achieved by an in situ chain extension reaction between ABS and
pyromellitic dianhydride by modifications via melt blending [15]. Many other additives
can be used during the mechanical recycling process to modify/upgrade recycled plastics
and make them usable for higher-grade applications.

Another emerging recycling option for ABS is physical recycling, often referred to as
solvent extraction. It is a process in which ABS material is subjected to dissolution and
purification steps to separate ABS from other polymers and additives, which normally
results in pure ABS or SAN. Lu and Chen developed a physical recycling process for toys
that produces a recovered ABS suitable for plastic reprocessing if proper additives are
added to improve its thermal stability and mechanical performance [16]. Achilias et al.
reported that ABS can be recycled from WEEE using the dissolution method. They reported
that ABS was dissolved in acetone at room temperature, thus eliminating the risk of thermal
degradation [17].

1.3. Circular Use of ABS

The circular economy goes beyond the simple concept of material recycling; it ap-
proaches a systematic level that integrates economic, environmental and social sustain-
ability [18]. The circular use of ABS materials implies that products and materials are
maintained at their highest value for the longest time possible and are designed for the re-
duction in waste from the outset, avoiding and eliminating hazardous and toxic substances.
It also means that manufacturers are willing to introduce recycled materials into their
manufacturing processes to limit the number of raw materials used. It is also important
to reuse parts from products in the same application as well as convert materials or parts
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from products at the end of their lives into new applications. This requires the transparent
flow of product information and other data between suppliers, manufacturers, logistics,
recyclers and customers. Lack of traceability and transparency in value chain transactions
have been identified as barriers to the circular use of plastics [19].

The circular approach implies that we need to change the whole life cycle of products
and materials, including their design, technological and production systems, distribution,
consumption, collection, recycling and final disposal options [20].

1.4. Aim and Methods

This article is based on the assumption that traceability has great potential to accelerate
the transition to the circular use of plastics. The purpose of this survey is therefore to review
and evaluate existing and future traceability technologies that could be suitable for this
purpose, in particular, focusing on products made of ABS. Based on this information, we
will prepare at a later stage guidelines on how a traceability system for ABS products
should be designed to facilitate the transition towards the circular use of ABS products.
The innovative value of this paper relies on the fact that it elaborates on the vision of the
European Strategy for Plastics in a Circular Economy, which sets ambitious targets for
plastic recycling and circularity, within which we are focusing on a very important group of
ABS plastics. To our knowledge, it is the first paper that focuses on traceability technologies
for products made from ABS.

Our assessment refers to articles, books and works across scholarly and non-scholarly
platforms such as Scopus, Web of Science and Google Scholar, European and international
standards as well as interviews with stakeholders. We also examined some news articles
about the latest developments in the field of traceability. Searches in the Scopus database
using a combination of ‘traceability AND ABS’ resulted in 0 publications.

In general, we found a large number of papers that consider different aspects of
both materials and information flows as well as technological developments and their
evaluation. Our ambition with this article was not a comprehensive literature review of
the entire area of traceability. The purpose of this article was to find and evaluate existing
and future traceability technologies that could be suitable for use in products made of ABS
to enable their circular use. We tried to use the most simplified terms, such as traceability,
information sharing, physical marking, plastics and ABS, which resulted in many unrelated
results, and we missed several articles from some specific areas of traceability. At the same
time, we tried to compensate by using a citation analysis, which gave us additional articles.
Due to the limitations of our study, it does not reflect research in the entire field. However,
we believe that our article provides valuable information to those who have an ambition to
design a product-based information sharing system for a plastic product or product group
in general and for ABS products in particular.

2. Traceability—A Key to Successful Transition to Circular Economy
2.1. Traceability for Circular Use of Plastics

The large variety of plastics used, the varying lifespan of different products and tech-
nical challenges in the identification and separation of plastics create difficulties in tracking
plastic flows, from the manufacturing of a product to waste management and preparation
for the second life of a material. It is generally recognized that traceability has the potential
to contribute decisively to improving environmental sustainability and supporting the
global objectives of the circular economy. However, the first obstacle many encounter
is the definition of this term. There are many definitions of the concept of ‘traceability’
both in international standards and in various dictionaries, and in addition, the respective
interpretations of what traceability is are neither precise nor consistent [21]. A reasonably
suitable definition can be found in Webster’s Online Dictionary under ‘Environment’ as
follows: ‘The ability to trace the history, application, or location of an item, data, or sample
using recorded documentation’. This definition can be expanded as follows: ‘Traceability
refers to the completeness of the information about every step in a process chain’. In the
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literature, two different types of traceability are often mentioned, viz., internal traceability
and chain traceability. In this paper, traceability refers to chain traceability, which ranges
from procuring raw materials through manufacturing, distribution and sale, usage, and
handling as waste.

Despite the general belief in the positive effects of traceability especially for the
improved recycling of plastics, there is still a lack of reliable and consistent traceability
systems. The recycling of plastics is a complex process, which requires a customized
infrastructure and cooperation between different actors in a value chain to be able to
unleash its full potential. If fully implemented, the benefits for the environment, consumers
and society are obvious. The system must contain complex information about the plastic
material so that different actors in the value chain can extract the piece of information that is
important to them. The information should be attached to the product by labelling it, with
possibilities for digital reading, automated identification and electronic data processing.
The need for improved material recycling is also mentioned in several publications in which
improved sorting processes for mixed plastic flows, increased traceability and knowledge
about chemical content are often highlighted as important factors (e.g., The New Plastic
Economy, Ellen MacArthur Foundation, 2016).

A crucial role of the traceability system in plastic recycling is ensuring that the new ma-
terial produced has the appropriate quality for a second life by suitable reusing/recycling
processes. For this reason, industry and public institutions implement physical labelling,
which verifies all the stages that each batch of product has gone through and establishes its
date and place of origin. In addition, the important information that is needed to evaluate
the quality of recycled material is the composition, the state of degradation and the level
of contaminants, which are not included in any labelling system yet. Moreover, some
consumer products made of plastics are subjected in the EU to chemical restrictions, bans,
labelling and lab testing requirements. A product label that enables digital information
management can also provide advantages during the product’s usage phase. An example
of this is a quite recently introduced digital QR marking system (SCANNECT®) for tyre
manufacturers, in which QR codes are engraved on vehicle tyres for improved internal
tyre logistics.

2.2. Example of the Scientific Literature in the Field of Traceability

The scientific literature in the field of traceability can be divided into two main disci-
plines, viz., information sharing (IS) to enable a circular economy and technologies for the
physical marking of products able to carry the necessary information, which are particularly
important to consumers and recycling organizations. The main research disciplines that
contribute to IS are operations research, which studies the economic impact of IS, computer
science, which evaluates solutions for reliable and secure IS, engineering, which studies
how to record and manage product information throughout a product’s entire life cycle,
and environmental management, which assesses the environmental impact of IS [22]. A
good example of operations research is a recently published article reporting on a tool that
has been developed for economic analyses and financial risk assessments to assist actors
in inter-organizational circular systems in evaluating benefits throughout the different
phases [23]. Hsieh et al. refined the existing framework that is applied by circular economy
supply chains by screening out key factors that are applied to remanufacturing products.
They concluded that “optimizing the production process”, “effectively tracking and recy-
cling products”, “redesigning remanufactured rubber products” and “improving resource
efficiency” are the criteria that need to be considered first in the manufacturing of remanu-
factured products [24]. The impacts of materials on human health and the environment
are of great significance. The complex interactions between materials and the environment
require special consideration in the design of databases. Amos et al. have presented two
data processing methods that can be integrated into the experimental process and can be
applied across multiple subfields of material science [25]. Bindel et al. have described
the development of a system capable of supporting the collection and visualisation of
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product data that are used in life cycle monitoring systems for electronic products. They
also determined what opportunities and barriers exist for embedded information in this
domain [26]. However, the general conclusion from our review of the scientific literature on
IS is that it is fragmented, and research and practise are disconnected. Thus, to fully explore
the value of IS to enable a circular economy, the scientific literature in this multidisciplinary
field must be synthesised, and a common understanding must be established [27].

3. Examples of Labelling and Traceability Systems Currently in Use
3.1. Society of the Plastics Industry (SPI) Codes

In 1988, the SPI developed the international resin identification coding system, which
is a set of symbols placed on plastics to identify the polymer type. The primary purpose of
the codes was to allow for the efficient separation of different polymer types for recycling
as well as to help consumers better understand some differences between materials and
products as well as how they affect one’s health and the environment. The recycling
symbols are designed as a triangle formed by three circling arrows. The number in the
triangle indicates the type of plastic. SPI codes 1 to 6 denote specific commodity resins,
whereas number 7 is used to designate miscellaneous types of plastic, including ABS, that
are not defined by the other six codes (see Figure 1). The labelling system is described in
the newly revised ASTM international standard ASTM D7611 [28].
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A major disadvantage of the system concerns the fact that the symbols are not trade-
marked and therefore not subjected to official regulation for their use. As a result, they
can be applied to any item and do not necessarily indicate recyclability. Another disad-
vantage is the lack of specific symbols for engineering plastics and new materials such
as copolymers (e.g., ABS), as well as bio-based, biodegradable and compostable plastics.
More recently, the logo of ABS, or the number 9 surrounded by arrows, has been used to
denote ABS plastic, as shown in Figure 1.

3.2. EU Medical Device Regulations (MDRs)

One of the mandatory traceability systems is applied on medical device products,
for which, according to EU Regulation 2017/745 (EU MDR) [29] medical devices must
demonstrate that they meet legal requirements to ensure they are safe and are used as
intended. It is mandatory to affix the medical device symbol, which shows that the product
is a medical device. All the labelling requirements are detailed in MDRs, including the
symbols to be used in the labelling of medical devices and their packaging, the trade name
and the device’s original name. All the symbols covering the required information in the
labelling of the device and the documents such as booklets and manuals that accompany it
must be included. The main purpose of labelling is to provide safety information to users
such as healthcare professionals, consumers or other relevant persons. If a device carries
a CE mark which confirms that it meets the basic requirements, it must be allowed in all
EU countries.

Most medical devices must also be marked with a unique device identifier (UDI),
which is a unique code that identifies and tracks medical devices throughout their distribu-
tion and use. The UDI system was established by the US Food and Drug Administration
to improve patient safety and provide a consistent way to identify medical devices. A
significant role of a UDI is to simplify traceability, facilitate corrective measures on the
market and make product counterfeiting more difficult. The use of the UDI system can
also improve purchasing and waste disposal policies and stock management by health
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institutions, recyclers and other operators, as well as ensure compatibility with other
authentication systems. Figure 2 below illustrates a typical label on a medical device.
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3.3. EU Toy Safety Directive (TSD) (Directive 2009/48/EC)

A traceability system is also applied on toys for the EU, where all toys must comply
with the TSD and must carry a CE mark. This mark is an indication that the toy meets
the safety requirements. The directive sets out the labelling requirements for general
toy products, including plastic toys. In addition to the CE mark, the required labelling
information includes product traceability information (e.g., the manufacturer’s location
and contact information, batch ID, model number and date of production) as well as all
relevant details related to the sourcing of the product, or the raw material used in making
the product. Figure 3 below illustrates a typical label on a toy.

Polymers 2024, 16, x FOR PEER REVIEW 7 of 18 
 

 

Most medical devices must also be marked with a unique device identifier (UDI), 
which is a unique code that identifies and tracks medical devices throughout their distri-
bution and use. The UDI system was established by the US Food and Drug Administration 
to improve patient safety and provide a consistent way to identify medical devices. A sig-
nificant role of a UDI is to simplify traceability, facilitate corrective measures on the mar-
ket and make product counterfeiting more difficult. The use of the UDI system can also 
improve purchasing and waste disposal policies and stock management by health institu-
tions, recyclers and other operators, as well as ensure compatibility with other authenti-
cation systems. Figure 2 below illustrates a typical label on a medical device. 

 
Figure 2. Labelling in accordance with MDR. 

3.3. EU Toy Safety Directive (TSD) (Directive 2009/48/EC) 
A traceability system is also applied on toys for the EU, where all toys must comply 

with the TSD and must carry a CE mark. This mark is an indication that the toy meets the 
safety requirements. The directive sets out the labelling requirements for general toy prod-
ucts, including plastic toys. In addition to the CE mark, the required labelling information 
includes product traceability information (e.g., the manufacturer’s location and contact 
information, batch ID, model number and date of production) as well as all relevant de-
tails related to the sourcing of the product, or the raw material used in making the prod-
uct. Figure 3 below illustrates a typical label on a toy. 

 
Figure 3. Labelling in accordance with TSD. Figure 3. Labelling in accordance with TSD.

3.4. EU Electronic Product Regulations

A traceability system for electronic and electrical products is mandatory in the EU, and
products intended for the EU market must meet requirements in regards to safety standards,
labelling, documentation and testing. Products covered by one or more EU directives
(LVD, RED, EMC, RoHS, etc.) must carry the CE mark, which indicates conformity with
the requirements. The CE mark must be permanently affixed to the product and its
packaging. Importers also need to attach a permanent traceability label to the products
and packaging, showing information about the company and the product. Both importers
and manufacturers also need to provide documents such as the Declaration of Conformity,
user instructions and technical files showing that the product is compliant with certain
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product directives and standards. Figure 4 below shows an example of electronic product
traceability labelling. The information is limited, non-specific, and effective for waste
management or the recycling sector, though it could be supplemented with appropriate
information to help some actors in the electronic supply chain.
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4. Information-Based Traceability of Plastics

Today’s traceability systems for plastic products are not designed to provide appropri-
ate information to all actors in a value chain; the reasons for this are many and depend on
the product. Some of the reasons are related to a lack of collaboration between partners in a
value chain, the poor utilization of new technical possibilities and an insufficient under-
standing of the benefits of traceability. The most challenging parts are understanding and
acceptance of the benefits of traceability for the environment, society, a circular economy
and individual actors. To achieve the set goals for plastic recycling, a suitable traceability
system must be introduced with broad acceptance from all players along the value chain
and that is clearly supported by society. In the near future, traceability and information
exchange between all actors of a value chain in the plastics industry will be crucial to estab-
lishing more effective recycling systems. A suitable traceability system should combine
physical marking with data sharing platforms that provide access to information about
products and materials. A recent scientific review paper analyses four different techno-
logical areas for information-based tracking solutions for plastic materials, viz., physical
markers and tracers, blockchain, Digital Product Passports and a certification system [30].
The authors summarized the strengths, weaknesses, opportunities and challenges for all
four tracking technologies in an SWOT analysis, as summarized in Table 1.

Table 1. Summary of the SWOT analysis (based on [30]).

Strengths Weaknesses Opportunities Challenges

Physical marker and
tracer

Solution to improve
sorting efficiency
immediately

Tracer materials remain in
plastic

Few technical hurdles for
implementation

Single initiatives without a
common standard

Blockchain High transparency and
security

Energy-intense
verification system
Risk of false information

The ability to build
reliable trust can create
incentive opportunities

Many technical hurdles

Digital Product Passport
Building on established
tools and machinery in
line with EU regulations

Non-transparent data
handling

Offers link for combining
physical and digital
solutions

Data ownership and
security are unclear

Certification system Can build on established
certification systems

Slow implementation with
global alignment. No
traceability on object level

Can build on global
established knowledge

It is unclear as for how to
solve the traceability issue
and does not cover all
aspects or participants of VC

However, in our opinion, data sharing systems and physical marking should be
discussed separately. For data sharing, there are various digital technologies that enable
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information that is attached to a product to identify it as well as store, share and analyse
data throughout its life cycle. This is described more in Section 4.1. A physical mark must
be applied directly onto the plastic material, using a label on the product’s surface or by the
addition of a specific material to a polymer matrix which can be identified at any point in
time with the use of a specific light source or device. Physical marks can be accomplished
with several different methods as described in Section 4.2.

4.1. Data Sharing Systems

In a circular economy, actors must be able to access data, information and knowledge
from across the entire value chain, meaning they must have access to an advanced data
sharing system that can allow for the exchange of relevant data without trespassing on
another actor’s intellectual property rights. Currently, there are still barriers because of
historically weak networks and communication. Data sharing systems are digital platforms
for information exchange such as Digital Product Passports, blockchain or standard and
certification systems. A well-functioning system makes it possible to make reliable informa-
tion about a product available throughout the value chain. The shared information about
regulatory compliance, value chain efficiency, material composition, environments of use
and consumer engagement is crucial to understanding the full life cycle of a product and to
facilitate separation, recycling and valorisation techniques.

4.1.1. Digital Product Passport

A Digital Product Passport (DPP) is a tool for collecting and sharing product data
throughout its entire life cycle. It is used to provide information about a product’s sustain-
ability as well as its environmental impact and recyclability. A DPP creates ‘a digital twin
of a physical product and securely records event, transactional and sustainability-based
data from across the product’s life cycle. The digital twin is commonly associated with
the physical product via a QR code, barcode, or other technology—with the DPP being
accessible via a smart device application or similar’ [31]. The expected benefits of a DPP
are access to data, flexibility, transparency and the accountability of customers.

However, many challenges remain such as different interests of stakeholders, missing
underlying standards, missing infrastructure, data ownership and intellectual property
rights. Other challenges include balancing transparency with the safeguarding of sensitive
information and the use of centralized databases that store copies of data, which can easily
become outdated, leading to poor data quality.

4.1.2. Blockchain

By definition, a blockchain is “a distributed database that maintains a continuously
growing list of ordered records, called blocks”. These blocks are linked using cryptography.
Each block contains a cryptographic hash (a digital fingerprint or unique identifier) of
the previous block, a timestamp and transaction data. A blockchain is “a decentralized,
distributed, and public digital ledger that is used to record transactions across many
computers so that the record cannot be altered retroactively without the alteration of all
subsequent blocks and the consensus of the network” [32].

Blockchain solutions enable businesses, regulatory bodies, governments and con-
sumers to exchange information and cooperate to improve and facilitate waste manage-
ment. It offers the highest level of transparency, data integrity and security, and for these
reasons, it is regarded as one of the key emerging technologies for Europe by the Eu-
ropean Commission. The commission has therefore released a blockchain strategy to
describe Europe’s digital future [33]. There are several already existing initiatives in the
area of plastics that utilize blockchain solutions. One of these is reciChain, a solution
created by BASF in Sao Paolo, Brazil, in which circularity was successfully demonstrated
in 2020 by tracking a product’s life cycle “from pellet to pellet”. ReciChain comprises
two technology components, viz., a physical tracer that enables the connection of plastic
to a digital twin and a blockchain marketplace which creates and translates the digital
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twin, providing a secure, auditable transfer of ownership and assigning incentives [34].
Gopalakrishnan et al. [35] propose a blockchain-based solid waste management model
that can help to enhance the efficiency of waste management. They also estimated the cost
aspects associated with blockchain implementation based on several use cases obtained
from companies providing blockchain solutions. Arora et al. presented a framework that
focusses on the use of blockchain technology from the entry to the exit of any process in
a system as well as the identification of important areas to which blockchain technology
can be applied and implemented [36]. El-Rayes et al. performed a thorough evaluation
of the status of plastic management in research. They found a shortage of publications
when the term “blockchain” was combined with six selected areas, viz., “supply chain”,
“sustainability”, “environment”, “finance”, “fintech” and “plastic”. Furthermore, among
the few documents found in the area of “plastic and blockchain”, only 3% mentioned the
circular economy [33,37].

An important prerequisite for a successful implementation of blockchain technology
is that it must mirror physical reality to be credible. This means that in production, each
batch of materials needs to be audited by an independent third party that can verify that
the material’s properties, its origin, composition, process and sustainability claims are
consistent with its real conditions.

4.1.3. Standards and Certification Systems

Certification systems ensure compliance with standards, rules and regulations. The
most reliable certification systems and standards for a circular economy rely on annual
auditing to ensure that a manufacturing company has quality procedures that guarantee
that its products meet the set requirements. An older example of a standard for recycling
is The International Resin Identification Coding System described in Section 3.1. A new
European certification system for recycled post-consumer plastic waste is the EuCertPlast
Certification. The certification system is based on EN 15343:2007 [38], which specifies
the procedures needed for the traceability of recycled plastics [38]. As a complement to
EuCertPlast, there is the Recycled Plastics Traceability Certification, which is a certification
scheme that provides both evidence of the traceability of recycled plastics from the source
and the specific recycled content in products [39].

There is an ISO standard for the computer-interpretable representation and exchange
of product manufacturing information with the potential to be used for the purpose of
promoting materials recycling, but so far it has not been used for this sole purpose. The ISO
10303 [40] standard ‘Industrial automation systems and integration’ is a comprehensive
and modular standard that defines product data, such as geometry, topology, materials
and properties, and also specifies the methods and protocols for exchanging product data
between different systems, such as CAD and CAM. However, there are major obstacles
to this standard being able to be generally accepted and implemented by the plastics
industry’s value chains. In particular, SMEs, which are often part of the value chain, and
consumers will likely not be able to use the standard due to its complexity and diversity,
which makes it difficult to understand, implement and maintain. In addition, it is not
always compatible or compliant with existing software applications or platforms used by
the plastics manufacturing and recycling industry.

In current standards and certification systems, the traceability of individual products
is only possible in rare cases, and the information provided by the system does not cover all
aspects needed to facilitate recycling. To increase the usage of standards and certification
for traceability, it is important to increase their broad acceptance along the value chain and
to speed up the implementation process.

4.2. Methods for Physical Marking of Plastic Products

The physical marking of plastic products is an important part of the design for the
environment. Plastics must be easily identified and then separated at the end of their life
according to their material type, chemical structure and quality to maximize their value
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in their next usage. Permanent marking is the most desired option for all actors who
want to track information about a product. Permanent marking or a physical tracer can be
accomplished with several different methods, as described below. However, it is necessary
to install relevant equipment within sorting facilities and to establish databases to retrieve
information from physical markers for all marking technologies. Moreover, it is important
that the readability of the tracer during a product’s entire service life is robust even when
the material becomes waste.

4.2.1. Photoluminescent Labelling

Photoluminescence is a well-known phenomenon that involves the emission of light
from a material after the absorption of electromagnetic radiation. The process is initiated by
photoexcitation with subsequent relaxation processes in which other photons are emitted.
Because specific chemical substances emit light of unique wavelengths, this technique can
be used as a robust method for the identification and separation of waste plastics, without
interfering with other sorting techniques. There are three main types of labels depending
on the excitation source, viz., UV−vis, NIR and X-ray radiation.

UV–vis markers can be inorganic chemical compounds such as metal oxides or organic
compounds containing aromatic components. In some cases, already-existing NIR light
sources can be used as the excitation source. This is because some chemical compounds
can undergo a so-called photoluminescent up-conversion. This is accomplished by a two-
photon absorption process through an intermediate excited state, leading to the emission of
radiation of a higher energy level than that absorbed [41]. The most studied NIR markers
are inorganic crystals. However, black-coloured plastics present a major issue and remain
an obstacle for waste sorting using this technique. The third type of label works through
X-ray fluorescence which can be used to identify specific elements in a sample. Because
commodity plastics are hydrocarbon based, it is necessary to insert a chemical compound
into a plastic with unique identifiable elements for the method to work. In addition
to emission wavelengths, photoluminescence can also be used to identify a marker by
measuring the emission lifetime. The emission lifetime is determined by the exponential
decay of the intensity of the emission when an excitation source is removed from a material.

A particularly interesting photoluminescent-based sorting system uses carbon quan-
tum dots (CQDs) in a plastic matrix through the formation of a polymer nanocomposite.
CQDs are carbon nanoparticles which are less than 10 nm in size and have some form
of surface passivation. These nanocomposites can respond to stimuli by emitting differ-
ent fluorescence wavelengths in the range from the UV to the NIR region and thus can
monitor many material parameters due to their wide sensing range. However, more stud-
ies are needed to show if these nanomaterials can be incorporated into polymers using
scalable manufacturing methods, such as extrusion, instead of the currently used solvent-
based methods. A recent review summarizes progress regarding the ‘green’ synthesis of
CQDs [42].

Labelling plastics using photoluminescence has great potential to facilitate waste
sorting and to improve both the quantity and quality of recycled plastic materials. However,
it is quite a new approach and still needs to be standardized and implemented across the
whole plastic value chain with the active participation of all its actors. Initially, this
technique could be used in the recycling of especially valuable plastics or for products
which are used in high volumes, such as in packaging.

4.2.2. Digital Watermarks

Digital watermarks are invisible optical codes embedded in a material that can carry a
wide range of product information and can be identified in a sorting plant via optical sensors.

Between 2016 and 2019, various stakeholders from the packaging value chain gathered
in a project named HolyGrail to investigate possibilities for improving recycling using
chemical tracers and digital watermarks. The conclusion of the project drawn by the large
majority of stakeholders was that digital watermarks are the most promising technology. In
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the follow-up project, HolyGrail 2.0, a semi-industrial testing was performed that mimicked
real-life conditions. Characteristics such as detection efficiency, ejection efficiency, purity,
prototype stability and routine function, ease of programming the sorting operation and
counting capabilities of the prototype were evaluated [43]. The project was a success and
led to other potential opportunities, such as the creation of smart packaging and its use
in other areas. These include enhanced consumer engagement, linking to a data sharing
platform, supply chain visibility, retail operations and more.

4.2.3. Laser Marking Systems

A laser is a device that emits coherent light that allows a beam to be focused to a
tight spot. The beam is produced through a process of optical amplification based on the
stimulated emission of electromagnetic radiation. Laser marking is a broad category of
methods to produce marks on an object using beam exposure. A laser creates various
surface changes which can include colour changes due to chemical/molecular alterations,
charring, foaming, melting, ablation, photoreduction and more. A variety of laser devices
and media are used. The differences depend on how the laser is generated and what beams
are produced. A critical factor is of course the legibility of the mark which can be affected
by the mark contrast width of the surrounding area. Because plastics have a wide range
of colours, surface structures, densities and material designs, specific lasers work better
with different materials. It is thus important to choose the right laser (in regards to energy
density, pulse width and wavelength) relative to the physical and chemical properties of
the material, e.g., the absorptivity. For example, a green laser (532 nm) has a very high
absorption ratio that can produce suitable marks on PVC, ABS and PS. An ultraviolet laser
(375 nm) is a good replacement for ink marks on HDPE material. Fibre and vanadate
lasers (1064 nm) work well on many high-density plastics, such as POM, ABS and many
engineering plastics. Infrared and visible lasers can induce black and white changes by
the carbonization or foaming of samples, respectively, and other colour changes can be
laser-induced on pigmented polymers [44].

The laser marking of plastic products is durable and flexible and does not have any
negative effects on the material or environment. The marking process can be applied to a
wide range of materials by selecting an appropriate laser beam. Furthermore, the numerically
controlled beam motion can create a wide variety of marks directly using a computer. Most
of the plastic materials can be laser marked, but if a plastic does not have that ability, it can
usually be modified with a suitable additive. Thus, the results of laser marking on plastics
depend not only on the type of plastic but also on the specific additive used [45]. Suitable
laser marking additives create better opportunities to produce high-contrast marks. The lasers
that are most commonly used for marking plastics are the following:

A CO2 laser produces a beam of infrared light with wavelength bands at 9.6 and
10.6 µm. It is suitable for marking most plastics, such as PE, POM, PC, PP, PET and ABS.
The beam only removes a surface layer, leaving a permanent mark. CO2 lasers have a very
low beam divergence (the angle at which a laser beam spreads out from its source), which
is a big advantage if a very fine, detailed mark is needed [46].

An excimer laser (exciplex laser) is a form of a UV laser (at 193 or 248 nm) that makes
patterns on or etches a plastic product. The marking speed depends on the mark complexity
and the depth of the mark, which is created as a series of dots. Excimer lasers are commonly
used in the production of electronic devices. The UV energy from excimer lasers causes
high levels of electron excitation in irradiated materials, leading to bond breaking and
photoablation. Excimer lasers have high-energy photons that can induce photochemical
reactions, which may result in colour changes with negligible thermal side effects [47].

Nd:YAG (neodymium-doped yttrium aluminium garnet; Nd:Y3Al5O12) is a crystal
that is used as a lasing medium for solid-state lasers. Nd:YAG lasers typically emit light
with a wavelength of 1064 nm in the infrared region and are one of the most common types
of laser, being used for many different applications, e.g., in manufacturing for engraving,
etching or marking a variety of metals and plastics. Nd:YAG lasers are also used to make
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subsurface markings on transparent materials, such as glass or acrylic glass, and on white
and transparent polycarbonate for identity documents. Clemente et al. used a frequency-
tripled Nd:YAG laser emitting at 355 nm to produce aesthetical marks on white ABS. They
found that the marks had a good level of scratch resistance similar to that of pad-painted
marks and a good level of resistance to chemical agents and climate tests [48].

A fibre laser is a laser in which the active gain medium is an optical fibre doped with
rare-earth elements such as erbium, ytterbium and neodymium. They are related to doped
fibre amplifiers, which provide light amplification without lasing [49].

4.2.4. Printing

There are several specialized techniques for printing on plastics, such as inkjet, screen,
flexo, UV litho, pad printing and hot stamping, and each one of these requires expertise to
ensure the best results. One of the most important features of printing is the tendency of
ink to remain attached to a substrate when acted on by different forces such as mechan-
ical (rubbing or abrading) and environmental (sunlight, heat, moisture and chemicals).
Adhesion is the result of the physical and chemical interaction between the ink and the
substrate in which the contact surface area between the ink and the substrate is the major
factor in adhesion. Chemical interactions are influenced by the substrate and ink’s chemical
compositions which are specially designed for different plastic types. Two of the most used
printing methods for plastics include inkjet printing and pad printing.

Digital Inkjet Printing

Inkjet printing can be used to print traceability information, variable data, barcodes,
multiline codes and more. It is a modern printing method that uses digital files containing
information to be printed, which are created using computer software. An inkjet printer
managed through digital files ejects droplets of ink onto the plastic surface to create a mark,
image or text. An inkjet printer requires the nozzles to size drops precisely with a high
degree of accuracy. High-quality inkjet printing systems must simultaneously integrate
printheads, electronic controllers, a suitable pretreatment of the surface and curing. All
items must work together to produce the intended results. Used correctly, inkjet printing is
fast, flexible and can produce high-quality marks. However, there are some concerns that
must be considered, such as the following:

• operating costs over time because of the expendable items involved;
• harmful chemicals that can add environmental challenges;
• ink is not permanent even if it can be made very durable;
• some chemicals can break down even durable inks, and the mark can be lost.

Pad Printing

Pad printing, or tampography, is a printing process that allows for the transfer of
complex, detailed graphics onto flat or irregularly shaped surfaces. The process uses an
image that has been created on a printing plate which then is coated with a layer of suitable
printing ink. After the excess ink has been removed from the plate, a thin film of ink
remains in the image. Then, a silicone pad is pressed onto the plate to pick up the ink. The
pad is then pressed against the surface of a plastic product, transferring the ink. The process
ends with the drying procedure until a full cure. Pad printing is often chosen because of
its versatility, accuracy and cost-effectiveness and because it can be used on a variety of
plastic materials, including ABS. However, there are some factors that must be considered.
The first one is the necessity of removing any impurities from the surface that might affect
ink adhesion. The second is the need to use a pretreatment of the plastic surface, such as
primers, flame, corona or plasma. The third is the need to use, in some cases, a heat source
such as an oven to speed up the ink drying process and chemical reaction [50].
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4.2.5. Scribe Marking

Scribe (scratch) marking is a mechanical process whereby a mark is produced using
a scribing pin with a carbide or diamond tip that penetrates and indents the surface and
creates a continuous and homogeneous line. The amount of pressure the pin applies
determines the depth of the mark in the material. Even very lightly scratched characters
can be achieved with this method. A scribe marker can work on most plastics, including
ABS, among many other types of plastic materials. Scribe marking machines are computer-
controlled and are specifically designed to be used on a variety of part shapes and sizes.
They work satisfactorily on flat surfaces as well as on round, curved, convex and concave
parts. Scribe marking systems are not portable and are quite expensive; however, they are
less expensive than laser marking systems but are significantly slower [51].

4.2.6. Dot Peen Marking

Dot peen marking uses rapid vibrations to produce marks. Pneumatically or electromag-
netically powered carbide or a diamond stylus assembly is stroked against a surface creating
depressions or indentations, which results in a succession of dots with negligible separation.

The markings are precise and thus complex shapes and data matrices can be produced
on plastics. The equipment is inexpensive, and the process requires few consumables and
little maintenance. Its disadvantages include the amount of noise being made by dot peen
markers because of the vibrations, and the resolution of the markers needs to be considered
if very clear markings are required [51].

4.2.7. In-Mould Marking

Date stamps have been used for many years in the injection moulding process to
enable the traceability of plastic items. A date stamp is a cylinder-shaped metal which is
composed of an outer ring and an inner arrow. The stamp looks like a clock with an outer
ring containing letters, numbers and other characters. The inner arrow can turn to indicate
different positions on the outer ring. In this way, a permanent mark is created, showing
information such as the manufacture date, lot numbers, types of plastic material and other
information depending on one’s needs. Manual date stamps are operated by operators
responsible for manually changing the date stamps. It is sometimes difficult to see to which
position the stamp needs to be rotated. If they miss the mark and the stamp moulds show
incorrect data, a part may be deemed unusable. These problems can nowadays be avoided
by automating the process and using a reliable dating system, which allows the process
to continue operating while providing accurate, real-time information. This is achieved
through the use of a small electronic control unit that is mounted on the interface to enable
the programming of the daters as well as to monitor cycles. In-mould marking also includes
the permanent marking of a QR code on a plastic product during injection by inserting a
QR stamp into the mould. This is an easy and cheap way to mark plastic products directly.
The QR code can contain information about the installation manual, maintenance method,
material composition and handling of waste.

4.2.8. Stickers

Stickers are basically pre-printed labels that are fixed by a pressure roller to the surface
of a product. However, choosing the right label can be a big challenge because the label
materials must be precisely matched to the respective application. First, it is important
to take into consideration the surface properties of a plastic product as well as the areas
of application. For instance, the surface tension of the plastic plays an important role.
Consequently, labels with a rubber type of adhesive adhere better to low-surface-tension
plastics than many acrylic adhesives, whereas labels with an acrylic type of adhesive
are more suitable for high-surface-tension plastics. Adhesion requirements vary greatly
depending on the product and customer requirements and range from very durable with
an ultra-aggressive adhesive to removable stickers. The latter are made using pressure-
sensitive adhesives which form a bond with the medium without a chemical reaction to

28



Polymers 2024, 16, 1343

facilitate its removal and without leaving any sticky residue behind. Of course, the subsequent
areas of application must also be considered. For example, if the labels will be exposed to UV
light or if they must be chemical-resistant or seawater-proof, it is important that the legibility
of the labels remains satisfactory throughout the entire lifetime of the product.

5. Concluding Remarks

A life cycle approach to the use of plastics allows people to make informed decisions
that can protect human health and reduce environmental impacts. This approach has
the potential to reduce resource consumption, improve the performance of products and
extend their lifespan in each life cycle stage. There is a general consensus that correctly
designed information-based traceability systems can support the circular economy of
plastics, remove obstacles, improve their quality and increase the number of recycled
plastics. However, the detailed examination of the current situation regarding plastic
waste destinations recently performed by Hsu et al. shows that plastics in the EU are
still far from being circular [52]. In the scientific literature, there are many new proposals
and developments in information-based technologies and technologies for the physical
marking of plastics. Our conclusion is that it is possible to find a suitable combination
of the smartest physical and digital tracking technologies to establish material tracking
system sustainably for various applications in the market. All ABS products could use the
same data management system, most probably the blockchain strategy, which has been
pointed out by the European Commission as Europe’s digital future [33]. The situation is
different when it comes to the choice of physical marking. Which technology is the best
option depends on the product’s size, appearance, manufacturing method, area of use, price
sensitivity and more. The situation is also complicated when considering what information
a product should carry. Some products need to be tracked even at the individual level to
enable the reuse of some parts (e.g., car parts and electronics), whereas other products need
specific information to facilitate recycling.

Specially designed information to choose the right recycling method and a possible
need for upgrading are also important because the recycling of ABS materials presents
big technological challenges due to the variety of material compositions, applications,
periods of use and usage environments. In our opinion, the most effective way to achieve
the circularity of ABS products is by providing necessary, reliable and easily accessible
information to all stakeholders in the value chain of an ABS product. To provide guidelines
on how a suitable traceability system for ABS products containing all necessary information
should be designed, it is important to have state-of-the-art knowledge of current techniques.
This paper has therefore reviewed and evaluated various existing, emerging and future
techniques for traceability with a special focus on ABS plastics. Our goal is to identify the
most suitable techniques for the identification of ABS materials by marks connected to
information-based platforms that enable data management and access to information for
the actors along the value chain. Additionally, these techniques enable selective sorting,
consumer communications, processing instructions, information about the origin of feed-
stock and more. Ultimately, the decisive step in the introduction of a traceability system
will be the acceptance and involvement of all actors in the ABS plastic industry and society
in general.
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Abstract: A plastic injection waste known as “purge” cannot be reintegrated into the recycling chain
due to its shape, size, and composition. Grinding these cannot be carried out with traditional mills due
to significant variations in size and shape. This work proposes a process and the design of a device
that operates with solar energy to cut the purges without exceeding the degradation temperature.
The size reduction allows reprocessing, revalorization, and handling. The purges are mixtures of
processed polymers, so their characterization information is unavailable. Some characterizations
were conducted before the design of the process and after the cut of the purges. Some of the most
representative purges in a recycling company were evaluated. The flame test determines that all
material mixtures retain thermoplasticity. The hardness (Shore D) presented changes in four of the
purges being assessed, with results in a range of 59–71 before softening and 60–68 after softening.
Young’s modulus was analyzed by the impulse excitation technique (IET), which was 2.38–3.95 GPa
before softening and 1.7–4.28 after softening. The feasibility of cutting purges at their softening
temperature was evaluated. This was achieved in all the purges evaluated at 250–280 ◦C. FTIR
allowed for corroboration of no significant change in the purges after softening. The five types of
purges evaluated were polypropylene-ABS, polycarbonate-ABS-polypropylene, yellow nylon 66,
acetal, and black nylon 66 with fillers, and all were easily cut at their softening temperature, allowing
their manipulation in subsequent process steps.

Keywords: recycling; purges; polymers; processing; waste

1. Introduction

Polymeric materials can be repeatedly recycled and reused. Gu et al. [1] studied
life cycle environmental issues associated with recycling plastic waste in China. Recy-
cled raw materials were shown to be ecologically preferable to unprocessed materials, as
manufacturing products with the latter has more environmental impact than those made
from reclaimed material. Recycling generally makes high-value products from waste and
significantly reduces environmental impact [2–6]. The use of these recycled polymers in
the reinforcement of construction materials is one of the alternatives that has been most
evaluated in some studies [7–15], concluding that they present improvements in proper-
ties, such as resistance to high temperatures, mechanical durability, resistance to moisture
damage, less porosity, higher resistance to cracking, higher durability, among others.

L. Gu and Ozbakkaloglu [16] critically reviewed studies on using plastics in con-
crete [17,18] and found that recycled plastic fibers can improve their properties. Their
review indicates that its use can contribute to a more sustainable construction industry and
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recommends studies focused on environmental aspects, such as the long-term behavior
and ecological consequences of recycling this type of concrete after use.

Vila-Cortavitarte et al. [19] explored the benefits of substituting polystyrene for tar in
the asphalt mix. They used three types of recycled polystyrene waste in the concrete mix:
general-purpose polystyrene, high-impact polystyrene, and reinforced polystyrene. This
work was mainly focused on reducing the concentration of tar since its carbon emissions
can pollute the environment. The mixture evaluated in this investigation was asphalt
concrete. The two replacement rates of tar with polystyrene were 1% and 2% in a mix,
representing about 23% and 46% of the total amount of tar. The 2% mixture was discarded
due to a cohesion problem. Each sample was subjected to a series of tests to compare the
modified mechanical properties. A blend with 1% polystyrene showed promising results
with improved mechanical properties. The results showed that substituting polystyrene for
tar reduced the environmental problem and contributed to the life cycle evaluation.

Recycling plastic waste for the construction industry is considered one of the best
methods of disposing of plastic waste. Chaukura et al. [20] concentrate on some proposals
for potential uses for these wastes in the manufacture of adhesives, paints, artifacts, garden
furniture, and wastewater treatment products, including mosquito control. Currently,
the methods for recycling plastics are grouped into primary, secondary, tertiary, and
quaternary [21–26]. Since the process followed in primary and secondary recycling is
the same, both are usually called “mechanical recycling”, which is frequently used [3,27].
It consists of two steps: separating the plastic from any other material and cutting it
(sometimes, it is required to introduce it into an extruder to make pellets). Tertiary or
chemical recycling seeks to recover the monomers or basic chemicals from the polymer.
The most widely used techniques are flame, gasification, and liquefaction, although new
technologies are also being developed to convert plastic waste into fuel [28,29]. Although
this type of recycling is widely used, there are still many opportunities. Some works
present separation analyses based on solvents or catalysts [30,31]. In general, solvent
extraction separation includes removing impurities and some plastic additives, dissolution,
and reprecipitation or devolatilization, which occurs when the polymers dissolve in the
solvents and selectively crystallize each polymer. Selective dissolution can be used when
the dissolution of the polymer of interest or all polymers except the target is feasible. The
significant factor for the dissolution process is finding a selective solvent. However, several
factors influence the dissolution of the polymer, such as composition, molecular weight,
polymer structure, solvent composition, type, etc.

Dissolution is the most widely used technology, particularly in the automotive industry.
However, it is estimated that only 20% of plastics can be recycled this way [32]. Regarding
transforming polymers into hydrocarbons, Ragaert et al. [33] compiled state-of-the-art
techniques, such as pyrolysis, chemolysis, hydrogen techniques, fluid catalytic cracking,
and gasification. In addition, they discussed the main challenges and potential methods
for this type of recycling. Finally, in quaternary recycling (known as energy recovery),
as its name suggests, plastic waste is used as an energy source through incineration.
Thakur et al. [34] mention that power generation by recycling plastic waste is currently
one of the most eco-efficient methods, due to the massive process, and follows almost all
strict emission standards and energy requirements. However, they point out that many
hazardous chemicals, such as gases and dioxins, can evolve from incomplete solid waste
combustion, leading to severe environmental pollution by carbon dioxide, toxic chemicals,
and harmful ashes. For this reason, some incineration methods are being studied to propose
those that reduce the emission of toxic substances [35,36].

Plastics have caused severe environmental pollution since they involve extracting
petroleum and are thrown away. Even collecting and recycling them implies a highly
energy-consuming process. Nonetheless, compared with using new raw materials, recy-
cling is accepted as less harmful. The process of recycling plastics, even considering that
there is an implicit deterioration per cycle, is an industry that follows more regulations.
One of many factors in polymer environmental pollution is the extreme dependency that
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modern society has on them. The cost/benefit ratio for each person does not consider
the collateral consequences of the items’ post-use destiny. Sustainability and the circular
economy precisely consider the post-use of plastic products through purge reutilization.
We are using plastics at an extreme level, considering that they degrade oppositely to glass,
metal (even corroded metal can be melted again), and ceramics.

It is important to note that when any of the methods mentioned above do not recover
plastic waste, it is sent to landfills. This is more than a solution; it is a severe problem due to
its reduced degradability and the ample space it occupies, together with runoff and leakage
of microplastics (MP) or nanoplastics (NP) [37,38]. Huang et al. [39] mentioned that landfills
could have increased plastic-degrading microorganisms, causing biodegradation that,
together with environmental oxidation, become drivers for plastic degradation. They show
that polymers have differences in their generation rates of microplastics, with polyethylene
above polypropylene (PP) or polystyrene (PS). Also, they proposed the carbonyl index to
quantify the polymer degradation as a function of the disposal age. So, biodegradation
through biological treatments is a widely evaluated alternative. It proposes using enzymes
and organisms that can digest plastic, trap carbon, and return it to the environment as a
disposable resource [4,40–42].

Vimala and Mathew [43] tested Bacillus subtilis for its potential to use polyethy-
lene as its sole carbon source. They discovered that some microbial species produce
surfactant compounds (biosurfactants) that enhance the degradation process. Further-
more, UV-treated polymer films facilitated their viability to feed microorganisms, which
increases biodegradation.

Restrepo-Flórez et al. [44], in their study of the microbial degradation and deterioration
of polyethylene, show a comprehensive summary of the microorganisms that, according to
some studies, participate in the biodegradation of polyethylene. They also present their
effects on the properties of polyethylene and summarize the process of its degradation. They
stated that, although slow, the speed can be modulated by the intensity and physicochemical
factors, such as ultraviolet light or other oxidizing agents. Therefore, the biodegradation of
polymers could be a cooperative process in natural ecosystems.

Nowak et al. [45] and Mohan et al. [46] present some proposals for the biodegradation
of plastics with different types of microorganisms, achieving a weight reduction of up to
2.3%. In primary, secondary, and tertiary recycling, it is important that plastic waste be
as small as possible. For this, it is necessary to cut and grind it. There is a residue from
the cleaning processes of plastic injection machines known as “purging” that cannot be
reintegrated into the recycling chain. These are usually a mixture of polymers with some
reinforcements. They have a paste consistency of size and hardness that is not possible to
grind in conventional equipment due to the cost of wear and replacement of the blades, as
well as the energy required for the motors. Currently, recycling companies only receive this
type of material, classify it, store it temporarily, resell it, or export it. It should be noted that
due to the management described, the profit is minimal, and there tend to be losses.

Derived from international agreements for the import of waste, companies have
limitations for the export of purges. This generates an accumulation within the company’s
facilities, with all the problems that this entails, including the lack of space, the costs of
movement of the material, the prices of containers, and the severe danger due to the risk
of combustion.

Some landfills are authorized to receive this type of material. However, this implies
an additional environmental and economic cost to the expense already made. Also, it
can only be made in restricted quantities. Likewise, various national and international
technical standards describe the safety, prevention, and protection conditions for storing the
material due to fire risk in the workplace, which determines having a maximum volume.
Regarding quaternary recycling, there is no information on the environmental aspects
that the incineration of the purge material brings. In any case, it would be necessary to
characterize the material and study its emissions. Any contribution added to the recovery
of polymeric waste represents an economic and environmental gain.
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The case presented in this study seeks to reintegrate purges into the recycling chain
through their characterization, evaluation of the conditions to reduce their size, equipment
design, and softening and cutting processes that use renewable energy sources, taking care
that the change processes do not degrade the material and do not significantly impact the
purges that they cannot be reintegrated.

2. Materials and Methods

Purges are discarded materials in an injection process due to the cleaning carried out
when there is a change in the type of part produced. The equipment is cleaned to guarantee
the production of plastic objects without contamination of the previously used material,
causing the residue called purge. The traditional way is to gradually introduce the new
material, dragging the previous one until it is eliminated. This form of purging results in
a mixture of more than one polymer, fillers, or additives with irregular sizes and shapes,
some reaching up to around 30 cm per side. Figure 1 shows some purges.
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Figure 1. Purges of injection processes collected from industrial sources.

This material forms with a paste consistency that solidifies in such size and hardness
that it is not possible to grind it in conventional equipment. It is nearly impossible to cut
purges. It is costly in terms of labor hours, security, materials, tools for use, rotary cutter,
different saws (band saw, hacksaw, jigsaw), CNC router, grinder, laser cutter, waterjet
cutter, plasma cutter, etc. So, exploring alternatives for industrial applications, especially
renewable energies, is desirable.

2.1. Selection and Characterization

Five of the most frequent purges in the company Reciclajes Victoria (Queretaro, Mexico)
were selected. Although all samples were from the same waste management company, they
originated from different plastic processing companies. Intrinsically, purges are made of a
type of polymer with or without a dye that changes from piece to piece. That condition
makes the properties change from one piece to another.

First, they were evaluated for how they behaved when trying to soften them and
whether it was possible to cut them. Afterward, a series of characterization tests were
carried out, such as flame tests, hardness, thermogravimetric analysis (TGA), Fourier
transform infrared spectroscopy (FTIR), and resonant frequency damping analysis (RFDA)
(used to calculate Young’s modulus). Figure 2 shows the test equipment or instruments for
(a) flame, (b) hardness, and (c) RFDA.
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For the flame test, there is no standard as a reference. Therefore, it was carried out
by exposing a piece of a purge of approximately 1 cm2 to the flame of an alcohol burner,
observing and taking note of all the changes in the material for about 3 min (Figure 2a).

The hardness is evaluated according to the method indicated in the ISO 868 stan-
dard [47], with a portable Shore D hardness tester TT 0.90 HD 0.25 mm. The measurement
value is taken after 5 s and the result is expressed as “HSD hardness Shore D” (Figure 2b).

The Young’s modulus was determined by the impulse excitation technique (IET) using
an IMCE brand RFDA equipment. The samples for the RFDA analyses were obtained by
cutting the purges using a band saw and polishing them to obtain smooth surfaces for
rectangular parallelepiped pieces.

First, the bending vibration frequency was measured and Young’s modulus was calcu-
lated using the mass and dimensions of the sample according to different measurements
and standard ASTM E1876-22 [48]. Next, the samples are mechanically struck by hand
with a small flexible hammer. Then, the induced vibration signal is detected with a USB mi-
crophone (10 Hz–16 kHz), and later, the elastic properties are calculated using the software
RFDA-MF basic v1.2.0. The calculation basis is the following relationship:

E = 0.9465
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where, E is Young’s modulus (GPa), Ff is the bending frequency, m is the mass (g), w is
the width (mm), L is the length (mm), t is the thickness (mm), and T is a correction factor.
Figure 2c shows the experimental setup with the device bearing one sample.

Thermogravimetric analysis (TGA) was carried out to know the temperatures at
which the material undergoes some degradation, so that the material does not exceed this
temperature when softening. The test is carried out on a TA-Instruments (New Castle,
DE, USA) SDTQ600 unit. The record produced by the analysis is a curve representing a
mass variation as a function of temperature. The norm that was taken as a reference was
ISO-11358 Plastics [49]. The DSC/TGA analyses were conducted using polymeric powders
extracted from the purges. A hand-held electric drill was used to obtain a powder from
each type of polymeric purge. The powder was treated using a Krups coffee grinder with
stainless steel blades. The powder sieving was performed using a No. 400 mesh (38 µm).

Fourier transform infrared spectroscopy FTIR was carried out to determine the type
of bonds and functional groups present, considering that the purges are a mixture of more
than one polymer. The samples were analyzed using Bruker (Ettlingen, Germany) Tensor
37 FTIR equipment, using an ATR, in transmittance mode with 32 scans and a resolution of
1 cm−1. Plates of the purges (1× 1 cm) were cut into different sections of each purge sample.
They were analyzed with FTIR with coupled ATR, obtaining several spectra (1 averaged
from 30 spectra per point) at different sections of the purge, and the spectra with the highest
occurrence were presented.

Except for flame test, all the other tests were carried out before and after softening
the purges with heating. The conditions were determined through a series of tests on
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samples of size around 10 × 5 × 2 cm to determine the time and temperature at which
the material softens. When this happens, the pieces are cut to determine that the cut can
be made easily in softening conditions. The heating was carried out in a model FE340
muffle (Felisa, Fabricantes Feligneo S.A. de C.V., Zapopan, Mexico), voltage 120 Vac, power
1500 W, frequency 60 Hz.

2.2. Determination of the Processes, Design, and Manufacture of the Prototype to Soften and Cut
the Purges

Using the information obtained in the characterization, the Six Sigma methodology
is used to design and manufacture the prototype and the processes. Several analysis
tools were used to ensure the correct design: Functional Block Diagram “DBF”, diagram
“Diagram “P”, Design of experiments “DOE”, ANOVA, Hypothesis Test T, and others. The
software used for data analysis were SolidWorks® V2018 Modeling software and MINITAB
V14 for statistical data analysis.

3. Results and Discussion
3.1. Higher Frequency Purges and Flame Test

Table 1 shows the most frequent purges in Victoria recycling, their content, description,
and observations made during the flame test.

Table 1. Some representative industrial purges from polymer injection.

Polymers Physical Description Observations Image

PP-ABS Gray with many marked
lines

The material quickly deforms, the flame is yellow and
blue, bubbles, and becomes rubbery but does not drip,
and carbonizes in its walls. As a result, it can be
stretched and makes almost no smoke.
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walls. As a result, it can be stretched and makes almost no smoke. 

PC-ABS-PP 
Two shades of black (one 
glossy and one opaque) 

Quickly begins to burn and deform. The flame is yellow, it causes 
fumes of black smoke, and has a marked odor. It becomes rub-
bery, but drips cannot be stretched and carbonized. 

Nylon 66 yellow 
Yellow with many marked 

lines 

It takes time to begin to burn and change its form. Then it bubbles, 
causes a small amount of fumes, the flame is yellow and blue, be-
comes rubbery but does not drip, can be stretched, and gets car-
bonized at the end.  

Acetal  
(polyoxymeth-
ylene, POM) 

White with many grains 

Quickly begins to burn and deform. The flame is yellow and blue, 
and it causes a small amount of fumes. It has a marked odor. It 
bubbles a lot but does not drip, can be stretched, becomes rub-
bery, and gets carbonized at the end. 

Nylon 66/black 
with fillers 

Spaghetti-shaped black 
It takes time to begin to burn and change its form. It bubbles but 
does not drip, making almost no smoke. The flame is yellow and 
blue, hardly stretched, and nearly no carbonization at the end. 

 

The most representative purges in Victoria recycling were polypropylene/acryloni-
trile butadiene styrene (PP-ABS), polycarbonate with ABS and polypropylene (PC-ABS 
PP), yellow Nylon 66, white acetal (polyoxymethylene, POM), and black Nylon 66 with 
fillers: their main physical characteristics are described. The separation of the purges that 
contain mixtures of materials is not always evident.  

The flame tests were conducted to determine the general behavior of the material 
when heat was applied. Table 1, in its third column, shows the observations made. It is 
noticeable that all the polymers retain their thermoplasticity. 

  

Acetal
(polyoxymethylene,

POM)
White with many grains

Quickly begins to burn and deform. The flame is
yellow and blue, and it causes a small amount of fumes.
It has a marked odor. It bubbles a lot but does not drip,
can be stretched, becomes rubbery, and gets carbonized
at the end.
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Nylon 66/black with
fillers Spaghetti-shaped black

It takes time to begin to burn and change its form. It
bubbles but does not drip, making almost no smoke.
The flame is yellow and blue, hardly stretched, and
nearly no carbonization at the end.
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The  most  representative purges  in  Victoria  recycling were 

polypropylene/acrylonitrile  butadiene styrene (PP-ABS),  polycarbonate with ABS  and 

polypropylene  (PC-ABS PP), yellow Nylon 66, white acetal  (polyoxymethylene, POM), 
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The most representative purges in Victoria recycling were polypropylene/acrylonitrile
butadiene styrene (PP-ABS), polycarbonate with ABS and polypropylene (PC-ABS PP),
yellow Nylon 66, white acetal (polyoxymethylene, POM), and black Nylon 66 with fillers:
their main physical characteristics are described. The separation of the purges that contain
mixtures of materials is not always evident.

The flame tests were conducted to determine the general behavior of the material
when heat was applied. Table 1, in its third column, shows the observations made. It is
noticeable that all the polymers retain their thermoplasticity.
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3.2. Softening and Cutting Initial Tests

The temperature at which each type of purge can be softened was determined, and
the temperature was varied to evaluate the status of the materials at different times. Table 2
shows the results obtained by maintaining a constant temperature. Once the material
softened, the required time was identified, it was removed from the muffle, and some
observations were made about the behavior of the purge related to the cutting process.

Table 2. Softening and cutting tests.

Polymers Weight
(g)

Temperature
(◦C)

Time
(min) Observations

PP-ABS 16.7 250 20
It can be easily cut, and it can be
stretched, but it tends to become

rubbery.

PC-ABS-PP 52.99 250 20 It can be easily cut and stretched.

Nylon 66 yellow 6.64 250 20

It cools down very fast and
hardens. It can be stretched.
Changes to a dark color. It is

relatively difficult to cut and has a
sandy consistency.

Acetal
(polyoxymethy-

lene,
POM)

29.88 300 45

It cools down very fast and
hardens. It can be stretched.

Changes to a dark color. Difficult
to cut.

Nylon 66/black
with fillers 19.63 300 50

It cools down very fast and
hardens. It can be stretched but has

a dusty consistency.

Table 2 shows that the time for the purge containing nylon is similar to those with a
higher amount, even when the quantity is less. This is because this material takes longer to
soften. However, the polymers softened and cut easily in most cases.

3.3. Process Design and Equipment

Although the characterization tests were carried out before designing the processes to
soften and cut the purges, the results are shown afterward to highlight the differences once
the purges have been cut.

The overall design goal is to create processes and devices to soften and diminish the
sizes of polymer purges using renewable energy sources, without exceeding the maximum
temperature to avoid degradation of the polymers and keeping the design as simple as
possible to facilitate its operation.

Figure 3 is a diagram, or process map. It shows the necessary processes, functions,
and interactions to achieve the design objective.

Figure 3 is a process scheme showing the necessary stages, functions, and interactions
to achieve the design objective. The three stages of the process identified are as follows.

(1) Heat collection system (“solar collector”). The purpose is to convert solar radiation
into heat.

(2) Softening zone. The purpose is to soften the purges and maintain the temperature
reached for this purpose.

(3) Cutting. Once the purges have been softened, the purpose of this last stage is to cut
them off.

The design of each of these stages is explained in the following sub-sections.
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Figure 3. Three stages in softening plastic purges: (a) Concentrated solar power collector, (b) Heating
and softening chamber, (c) Segmenting the pieces.

3.4. Heat Collection System (“Solar Collector”)
3.4.1. System Modeling and Construction

The types of solar collectors were analyzed, and according to the temperature required
to soften without degrading (180–280 ◦C), a Fresnel lens solar concentrator was used. The
auxiliary components are the lens and the support. Table 3 shows the requirements and the
mechanism to achieve them. Figure 4 shows the final design.

Table 3. Requirements and the mechanism to achieve them.

Requirements Answer

Increase or decrease the diameter of the focus Height adjustment mechanism
Adjusted to the position of the sun Angle adjustment mechanism

A softening zone Sample tray
Easy to move Drive wheels and brake

No risk of the lens falling off Padded retainer
Samples can be inserted and removed without

risk of burns Handle—endless screw system or rails

Figure 4a shows the three stages of the process (the cutting one is inside the softening
zone). Figure 4b shows the attachment designed for the solar collector. The pieces that
compose it are the following.

(1) Lens support consists of two frames. The inner frame supports the lens and modifies
its inclination angle, referencing the position perpendicular to the height posts. The
outer frame gives the lens sun-tracking capabilities.

(2) The design comprises two lateral posts, each comprising two rectangular tubes (one
inside the other) that allow movement to achieve different lens heights relative to
the sample. In addition, adjustment holes are spaced one inch apart for a total of
twenty-six. Thus, a wide range of heights can be achieved.

(3) Plate where the softening zone was located.
(4) This plate incorporates a manual sliding system that allows it to be removed from the

focus for user safety.
(5) The device supports have swivel wheels with a braking system that moves and stops

the device.
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3.4.2. Softening Zone

The first thing that was determined for this thread was that the radiation would not
be directly on the purge due to the solarization of the polymers (breaking of polymeric
chains by high-intensity aces) and the difficulty in controlling the temperature. This implies
the need for a means to move the heat achieved by the collector toward the softening
zone. In the state of the art, the use of added thermofluids with carbon particles and air
as heat transport was found [50–54]. This alternative was chosen due to the ease of its
implementation. The study for the design of this process was carried out in stages.

Figure 4c shows the proposed heating system related to an electrical furnace. There
is an internal zone in which to put the purge (cubic box). Instead of electrical resistances,
they were substituted by a receptor plate for solar radiation. An internal fan was used
to better distribute heat. Some other factors were addressed, such as the material and
dimensions of the box, fan position, material, size, and position of the plate. Considering
the required characteristics, the chosen box and plate materials were aluminum and copper,
respectively. The absorbing plate could have many variants, such as using graphite,
selective absorbing coatings of black nickel [55,56], black copper [57], black cobalt [58], and
graphene oxide [59,60], among others.

Figure 4c shows the proposed system for heating and cutting the purges. The compo-
nents are #1 cab, #2 cab cover, #3 thermocouple, #4 m6 screws, #5 support plate, #6 hinge,
#7 m5 screws, and #8 base. The absorbing plate was on the box (#5). This was fixed using
four screws (#4) that adjust the distance between the plate and the plastic purge. The base
for the purge (#8) rotates and has holes that allow air to flow throughout. The red lines (#3)
indicate the placement of thermocouples to sense temperature in four zones. The box had a
door or lid for insulation.

Once the softening zone was manufactured, its performance was evaluated, and
adjustments were made. This was carried out in two stages: (1) In conjunction with the
solar collection system, (2) In evaluating the most relevant components. The focal point
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was circle–elliptically shaped with a diameter of about 10 cm, which means an area of about
78.54 cm2. The local ambient conditions were in the range of 20–27 ◦C and the relative
humidity was about 35–45%.

Correlation studies were carried out between two factors to evaluate the functionality
and interaction of the solar collection system and the softening zone. Study (A) investigated
the relationship between the distance between the Fresnel lens and the receiving plate
(height X), and the diameter of the radiation focus on this plate (Y1). Study (B) investigated
the height (X) and the temperature within the softening zone or base of the samples
(Y2). Although a relationship is expected between these variables X vs. Y1 and X vs. Y2,
the objective in both studies is to find the mathematical function Y = f(x) that models this
relationship and find at which value of X the highest temperature is reached, understanding
that this also depends on weather conditions and exposure time (as long as it has an R
factor higher than 80%).

Table 4 shows the results obtained. The experiment conditions were the following:
ambient temperature: 29 ◦C, relative humidity: 34.8%, pressure: 1023 hPa, solar power:
1350 W/m2, wind speed: 29.6 km/h, exposure time: 1 min, receiver material: copper
plate, independent variable: X = height, dependent variable: Y1 = diameter of the focus,
Y2 = temperature. The results were analyzed with the Minitab V14 software.

Table 4. The correlation results.

Height (cm) Diameter (cm) Temp. (◦C)

71.5 52 40
83.3 45 60
95.3 38 80
107 28 200

119.5 22 200

Figure 5 shows the graphic analysis of the height–temperature correlation and height
analysis vs. diameter (X vs. Y1).
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Figure 5. Correlation between (a) height and diameter and (b) height and temperature.

Figure 5a shows that the greater the height X, the diameter of the radiation focus
decreases linearly. Therefore, the mathematical model is valid since the relationship has
a factor higher than 80% with an adjustment value of R = 99.2% and a variance of 1.10.
Diameter = 98.28 cm and height [cm] = 0.643 cm. Table 5 shows the ANOVA analysis
of variance.
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Table 5. ANOVA for the Height–Temperature calculus and the Height vs. Diameter.

Source GL MC F P GL SC MC F P

Regression 1 21,082 19.54 0.022 1 592.333 592.333 484.54 0
Height

[cm] 1 21,082 19.54 0.022

Error 3 1079 3 3.667 1.222
Total 4 4 596

Source GL MC F P 3 3.667 1.222

Considering the value of p, which is less than the value of the statistical error α = 0.05,
p = 0.022 < α = 0.05, it is concluded that the temperature Y2 depends directly on the
height X.

Figure 5b graphically shows the correlation between X and Y2. It shows that the higher
the height X, the more the temperature increases linearly. Therefore, with an adjustment
value of R = 82.3% and a variance of 1.10, the mathematical model is valid since the rela-
tionship has a factor greater than 80%. Temperature = 249.6 ◦C and height [cm] = 3.836 cm.

Using the prediction equation, the temperature-maximizing height is about 120 cm.
According to the holes that regulate the height, an elevation of about 122 cm was used
in tests.

3.4.3. Evaluating the Most Relevant Components of the Softening Zone

Two relevant elements are observed for the scope and temperature control: (1) The fan
use. (2) The material of the radiation receptor plate.

Through a design of experiments, these factors are evaluated, determining the impact
on the temperature reached in four points of the box and finding the condition that maxi-
mizes the temperature in the position of the base or central position (that shortens the time
to soften the purge). Table 6 shows the DDE approach.

Table 6. Approach to the design of experiments.

Factors 2 Base design 2, 4 Factor Level + Level −
Test runs 8 Replica 2 Fan With Without

Blocks 1 Center points (total) 0 Absorbing material Copper Steel sheet

Table 6 shows the approach introduced in the Minitab V14 software, DDE: two factors
(fan and receptor material), two replicates, without central points, and all in a single block,
giving ten experiments. The experimental conditions were as follows. Ambient tempera-
ture: 18 ◦C, relative humidity: 63.6%, pressure: 1025 hPa, solar power: 952 W/m2, wind
speed: 0 km/h, exposure time: 2 min, X1 = fan, evaluating using it or not, X2 = material
of the absorbing plate, evaluating a copper or steel sheet. The dependent variables were
as follows. Y1 = Upper right position temperature, Y2 = Central position temperature,
Y3 = Upper left position temperature, Y4 = Lower left position temperature, Y5 = Lower
right position temperature.

Figure 6a shows the position of the thermocouples on one of the sides and the center
(the other side has the same position), and Figure 6b shows the fan.

Table 7 shows, in the “Test run” column, the order of the experiments (random order),
while the “Fan” and “Receiving sheet” columns show the conditions under which the corre-
sponding experiment is carried out. The Y1–Y5 columns correspond to the temperature ◦C
obtained under each evaluated condition. Table 7 shows the analysis of variance (ANOVA)
for Y1 = Upper right position temperature.
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Table 7. Shows the test plan with the results obtained.

Test Run Fan Receiving Sheet Y1 Y2 Y3 Y4 Y5

1 No galvanized 74 98 79 84 90
2 Yes galvanized 74 78 72 72 82
3 No copper 110 130 104 90 106
4 Yes galvanized 76 76 76 80 90
5 Yes copper 92 80 80 72 80
6 Yes copper 90 82 80 74 80
7 No copper 120 130 110 88 100
8 No galvanized 86 104 86 94 100

Table 8 shows the ANOVA analysis of variance. Considering the value of the p statistic,
Fan p = 0.022, receiver material p = 0.003, they are less than the statistical error α = 0.05,
with which it is concluded that both variables influence linearly the temperature obtained
in position Y1. The interaction of these p = 0.075 is above the error; therefore, there is no
interaction. The same ANOVA analysis was performed for each thermocouple position
(Y2–Y5) and the results are summarized in Table 9.

Table 8. ANOVA for Y1.

Source DF Adj SS Adj MS F-Value p-Value

Model 3 1901.5 633.83 20.12 0.007
Linear 2 1721 860.5 27.32 0.005

Fan 1 420.5 420.5 13.35 0.022
Receiving sheet 1 1300.5 1300.5 41.29 0.003

2-Way Interactions 1 180.5 180.5 5.73 0.075
Fan * receiving sheet 1 180.5 180.5 5.73 0.075

Error 4 126 31.5
Total 7 2027.5

* Interaction between Fan and Receiving sheet.

Table 9. Summary of temperature results in the thermocouples’ (Y’s) positions.

Y
Fan
X1

Material
X2

Interaction
X with More

Influence
Best Combination
X1 X2

Y1= Upper right position temperature Yes Yes No Material Without Copper
Y2 = Central position temperature Yes Yes Yes Fan Without Copper

Y3 = Upper left position temperature Yes Yes Yes Fan Without Copper
Y4 = Lower left position temperature Yes No Yes Fan Without Same

Y5 = Lower right position temperature Yes No No Fan Without Same

The first column, Y, indicates the thermocouple position. The second to fourth indicate
if the X factor, or the interaction of these, influences the results of the Y. The fifth indicates
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which of the X has the greatest influence. The last two columns indicate the combination
with which the highest temperature is obtained.

In conclusion to this analysis, we can say that in the central and upper zones, the
temperature is affected by the type of receiving material and the use, or not, of the fan; in
the lower part, it only affects the use, or not, of the fan. To evaluate the configuration that
maximizes the temperature, only position Y2 is considered; that is, the central area where
the sample is placed. The result is “Copper receptor material” and “Without fan”.

3.5. Hardness Testing

Thirty hardness measurements were made in different areas of the purge to determine
material homogeneity before and after material softening. The t-student statistic test was
applied with a 95% confidence level and a hypothesis approach. Null hypothesis H0:
µ1 − µ2 = 0, alternative hypothesis H1: µ1 − µ2 6= 0.

The hypothesis test is carried out with the test statistic of the p value to evaluate if there
is a statistical difference in the mean hardness values before and after the heat treatment
of the sample. An error value of 0.05 is considered to accept or reject the null hypothesis,
assuming normal data for this number of measurements. On the other hand, the Levene
statistical test is applied to evaluate the impact on the variation in the results obtained
in both conditions for each of the purges. Table 10 shows the results obtained and the
conclusion of the statistical analysis.

Table 10. Hardness analyses (Shore D) of five polymer purge types with thirty measured samples.

Polymers Average Hardness
before Heating

Average Hardness after
Heating–Cooling

Conclusions of the Average
Analyses

Conclusions of the Variance
Analyses

PP-ABS 59.03 60.6 p-value = 0.149
No change p-value = 0.115 No change

PC-ABS-PP 71.33 63.23 p-value = 0.00 Different after the
heat decreases

p-value = 0.591
No change

Nylon 66 yellow 69.53 62.63 p-value = 0.001 Different after the
heat decreases

p-value = 0.364
No change

Acetal 66.37 68.67 p-value = 0.005 Different after the
heat increases

p-value = 0.218
No change

Nylon 66/black
with fillers 59.8 64.43 p-value = 0.00

Different after the heat increases
p-value = 0.701

No change

In the conclusions of the averages analysis, we can see no changes in PP-ABS, PC-ABS-
PP, and Nylon 66 yellow. Their hardness decreases after softening, while Acetal and Nylon
66/black with fillers hardness increases. Variation does not change in any of the samples.
Figure 7 shows how the data are distributed before and after softening each purge type.
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Figure 7 shows that the data have an equal distribution before and after the softening
of the material. There was a slight difference between the means in all purges.

3.6. Young’s Module

Table 11 shows the results of the measurements made before and after softening
the material.

Table 11. Young’s modulus (GPa).

Polymers YM before YM after Comparative

PP-ABS 3.88 (±0.02) 3.17 (±0.01) ↓ 18%
PC-ABS-PP 2.38 (±0.001) 1.70 (±0.001) ↓ 28%

Nylon 66 yellow 3.94 (±0.01) 4.28 (±0.01) ↑ 9%
Acetal

(polyoxymethylene, POM) 2.45 (±0.001) 3.04 (±0.01) ↑ 24%

Nylon 66/black with fillers 3.08 (±0.001) 3.45 (±0.005) ↑ 12%
Arrow down: YM decreases, Arrow up: YM increases.

Table 11 shows the average of three data values taken for each purge before and after
softening and cutting. The last column indicates with an arrow if the average increased or
decreased, and by what percentage. For example, in PP-ABS, Young’s modulus decreases
by 18% after smoothing and cutting. In general, considering that the purges are a recycling
material, the variation is slight in all the samples. Figure 8 shows how the test device
reports results.
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Figure 9 shows the results in a bar graph, showing the difference between the average
values before and after softening and cutting each purge.
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3.7. DSC and TGA Analyses

The glass transition temperature (Tg) for ABS typically ranges from 105 to 125 ◦C,
depending on the proportions of the three components and the molecular weights of the
polymeric chains. Variations in the Tg depend on specific formulation and processing
conditions in any polymer. Still, they are even more frequent in industrial polymer purges
that could have plasticizers, colorants, or broader molecular weights.

The Tg of PC is in the range of 145–150 ◦C. Nylon 66, PP, and Acetal (polyoxymethy-
lene) are semi-crystalline polymers in which the Tg is the transition from a glassy to a
rubbery state in the range 45–50 ◦C, −10 to −5 ◦C, and −50 to −80 ◦C, respectively.

DSC/TGA calorimetry analyses were performed to determine the maximum tem-
peratures for heating. As long as neither the DSC graphs show irreversible events, nor
the TGA graphs show weight loss, heating can be conducted while maintaining the poly-
mer’s integrity and original polymer characteristics. For example, in Figure 10a PP ABS,
Figure 10b Acetal, Figure 10c Nylon 66 black, Figure 10d Nylon 66 yellow, and Figure 10e
PC ABS PP, the proposed maximum temperature could be about 245, 240, 250, 330, and
270 ◦C, respectively.

3.8. FT-IR Analyses

The five polymers have functional groups with characteristic vibrational bands in their
FT-IR spectra (Figure 11). Some of the representative vibrational bands are outlined below.

Polypropylene (PP) has C-H stretching and bending vibrations and C-C stretching in
the ranges of 2800–3000, 1350–1470, and 960–970 cm−1, respectively. Also, PP has bands
related to its isotactic configuration, such as isotactic CH3 bending vibrations in the region
of 875–885 cm−1 (Figure 11a,e).

The terpolymer ABS (Acrylonitrile–Butadiene–Styrene, 3–7: 1–6: 8–12) has a C-H
backbone with stretching and bending vibrations in the 2900–3000 and 1300–1400 cm−1

(Figure 11a,e) [61–63] regions. Acrylonitrile cyano group’s C≡N stretching vibrations are
around 2240–2260 cm−1. Butadiene C=C stretching and CH2 deformation vibrations are
in the regions of 1660–1600 and 1450–1375 cm−1, respectively. Styrene vibrations of the
aromatic ring deformations are in the range of 700–750 cm−1.
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Acetal (polyoxymethylene) has C-H, C=O, C-O, and O-CH2-O stretching vibrations in
the regions of 2900–3000, 1720–1740, 1050–1150, and 1150–1250 cm−1 associated with CH2
groups, acetal groups, polymer backbone, and ether linkage, respectively (Figure 11b).

Nylon 66 (polyhexamethylene adipamide) has N-H bending vibrations and N-H, C=O,
and C-N stretching vibrations. There are bands of Amide A, Amide B, Amide I, Amide II,
and Amide III in the 3200–3500, 1550–1650, 1620–1660, 1500–1550, and 1200–1300 cm−1

ranges, respectively (Figure 11c,d).
Polycarbonate (PC) has the C-H stretching and carbonate ester stretching and bend-

ing vibrations in the ranges of 2900–3100, 1740–1760, and 700–800 cm−1, respectively
(Figure 11e).

The solar-assisted thermal softening treatment performed in the polymers decreased
the intensity of some vibrational bands. The proposed treatment is intended to affect
the functional groups and the polymeric chain lengths as little as possible. That was the
reason for conducting the DSC/TGA calorimetry analyses shown above to determine the
limit temperatures for heating. The heating can be carried out and repeated as long as the
original polymer characteristics can be maintained barely unchanged.

4. Conclusions

Plastic injection purges have many sizes and irregular shapes that require reductive
changes to be recycled and reintegrated into the polymer supply chains. For this, it is
important to know their characteristics, properties, behavior, and grouping by polymer
type. Frequency injection purges are blends of processed polymers that are difficult to
recycle. This work proposes a process and a prototype device for softening and cutting the
injection purges using solar heating. In this study, the starting tested samples were about
30 × 25 × 20 cm in size, and the final size was set to about 10 × 5 × 2 cm.

One of the problems with purges is the combination of materials, which does not
allow incorporation into the manufacturing process. Other issues are the complex shapes
and properties of the purges, which reduce the possibility of re-insertion into the process.
The softening of the material and the feasibility of cutting the pieces with minimal impact
on the polymer structure do allow the circularity of the material. There is less waste of
materials with reintegration into production, which is the basis of the circular economy.

The thermal properties were evaluated using the flame test, TGA, and DSC techniques.
The conclusive results are that none of the purges leak during heating, the five types of
studied polymers can stretch, and their softening temperatures are between 250 ◦C and
280 ◦C. Once all the evaluated purges softened, they were cut relatively easily. Visually, no
smoke was observed when reaching a soft condition. Using this information, a process and
a device that operates with solar energy were designed to cut the purges without exceeding
the maximum temperature, which varied depending on the type and quantity of polymers.
Finally, the mechanical properties of hardness and Young’s modulus were evaluated, and
the FTIR tests were carried out before and after softening and cutting. Therefore, any
change in the polymers could be related to reticulation or chain breakage, which are not
associated with reaching stability but with deterioration. Knowing the calorimetry graphs,
the maximum limit for the temperature was proposed for each polymer where the TGA
graph deviates from a horizontal line. PP ABS, Acetal, Nylon 66 black, Nylon 66 yellow,
and PC ABS PP could have, as proposed maximum temperatures for softening and cutting
into smaller pieces, about 245, 240, 250, 330, and 270 ◦C, respectively.

Comparisons of the mechanical properties of the purges before and after treatments
showed slight affectation on most of them. Generally, the main functional groups did not
change. Further improvements are advisable in both the process and the device. Still, this
work shows potential viability for solar-assisted heating for softening and cutting injection
purges that constitute a fast-increasing residue of the plastics industry, making them a
byproduct to be reprocessed.

This work differs from other research or industry solutions because it aims to soften the
pieces to obtain smaller, specific-size elements rather than use them as fillers, composites,
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or recycling by reprocessing to obtain products such as bottles or fabrics. Considering that
the main concern is keeping polymer integrity but softening it, this process can be extended
to most organic polymers. Nonetheless, the size of the pieces is important for the system
characteristics. Previous experiences advise specializing such a system for a single type of
polymer, but if this is not possible, a technical procedure could be elaborated to change the
temperature and keep the process clean when changing the materials to be processed.

In the proposed system, each part has a different expected lifespan. This largely
depends on factors such as materials, process operation ranges, maintenance, surround-
ing climatic conditions, and the observation of safety rules during process operation,
among others.
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Abstract: In this study, recycled and commercial Ti6Al4V powder was added to polyester composites
at various filling ratios by weight fraction. Three weight fractions of Ti6Al4V particles, 0%, 5%,
and 10%, were chosen for study. By examining the mechanical and microstructural properties of
polyester composites, the effects of the Ti6Al4V powder proportion by weight fraction and particle
size parameters were investigated. With the filler loading, a 39% increase in the tensile strength of the
composites was achieved. A minor decrease in flexural strength was observed at 5% filler weight
fraction. The addition of the recycled Ti6Al4V powder to the polyester matrix slightly reduced the
thermal conductivity of the composite over that of the neat polymer. However, the incorporation of
the commercial Ti6Al4V powder fillers in the polyester matrix considerably increased the thermal
conductivity of the composites, suggesting several potential uses. The presence of high levels of
oxygen in the powder led to reduced thermal conductivity of the composites due to the reduction in
phonon scattering.

Keywords: polyester composite; Ti6Al4V powder; thermal conductivity; mechanical strength

1. Introduction

Composite materials first emerged in the middle of the 20th century and are now one
of the most important areas of materials and manufacturing technology [1,2]. They are ideal
for a variety of applications in the industrial sectors of aerospace, automotive, construction,
sports, and bio-medicine, among many others, due to their excellent properties such as
being lightweight and corrosion-resistant [3,4].

Modern technologies frequently require materials with very complex property combi-
nations that are not achievable with more traditional metal alloys, ceramics, and polymeric
materials. This is particularly true for materials used in transportation, undersea, and
aircraft applications. For instance, structural materials with low density, strength, stiffness,
resistance to abrasion and impact, and resistance to corrosion are increasingly sought
after by aircraft engineers. The combination of these qualities is ideal in terms of physical
strength. Strong materials are usually relatively thick, and increasing strength or stiffness
typically causes a reduction in impact strength [5]. These materials have exceptional me-
chanical and structural qualities, including a high strength-to-weight ratio, resistance to
fire, chemicals, corrosion, and wear, as well as being inexpensive to produce [6,7].

Composites are classified based on their morphology of reinforcement (fiber, particulate-
reinforced, and laminate composites) or their matrix material (metal, ceramic, or polymer
matrix composite). In a polymer composite material, the matrix is a resin and the reinforce-
ment is in the form of dispersed particles, which act as the second phase. A wide range of
microstructures can be obtained using combinations of matrix materials and reinforcement.
The relationship between the properties and the structure of two-phase materials has been
studied by many authors. In commercial production, low-cost particulate fillers are added
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to plastics for primarily economical reasons, as well as to improve molding characteristics.
It is not only the material properties of the two components or the volume fraction of the
filler which governs the deformation behavior, but also their shape, size, orientation, and
the state of adhesion between the filler and the matrix [8].

Polyester resins and other thermosetting plastics are frequently utilized as matrix
materials because they evenly distribute stresses in all directions and can withstand shocks
and vibration. The most frequently utilized resin system is polyester resin, notably in the
marine industry. The liquid mixtures of low molar mass reactants, such as monomers, which
are used to make thermosetting plastics, polymerize to form strongly cross-linked network
polymers [9–11]. The qualities of the particle filler dispersed in the composite are enhanced.
Polymer composites manufactured in this manner have found numerous applications
as lightweight, high-strength materials. Polymer matrix composites can be reinforced
with fibers (synthetic or natural), whiskers, and particulate materials. Natural fillers
include minerals such as calcium carbonate, mica, talc, and some agricultural byproducts
of synthetic fillers, including processed mineral products such as carbon black, fumed
silica, and aluminum hydroxide [12,13]. The sizes of particulate fillers range from 0.1 µm
to approximately 2 mm. It can be inferred from the literature that the research on Ti6Al4V-
powder-reinforced polymer composites is relatively limited [14].

In recent years, metal particles have been viewed as prospective reinforcing materials
for various composites [15]. It is stated in the literature that many metal particles such as
aluminum, copper, zinc, stainless steel, silver, and nickel increase the electrical and thermal
conductivity of metal-filled polymer composites [16].

Yaman and Taga [17] investigated the thermal and electrical conductivity of copper-
filled polyester composites. According to their study, both the thermal and electrical
conductivity of polyester composites increase with increasing filler particle sizes and filler
contents. As a result, the particle size distribution and content of fillers play significant
roles in determining the thermal properties of composites. In another similar study, the
electrical behavior of aluminum-powder-reinforced polyester composites was investigated.
In the study by Berger and McCullough, an increase in electrical conductivity was achieved
as the filler content increased [18].

Alam et al. added multi-walled carbon nanotubes (MWCNTs) to a polyester matrix
at different compositions (0.1, 0.3, and 0.5 wt.%). They concluded that 0.3 wt.% MWCNT
was the optimum amount of filler to mechanically and thermally improve the polyester
matrix [19].

In another study, Krishnasamy et al. investigated the effect of aluminum and copper
wire mesh on the thermal and mechanical properties of epoxy composites. It was con-
cluded that the tensile strength of copper- and aluminum-reinforced epoxy composites
increased [20].

With composites, it is possible to reduce the overall production cost by embed-
ding waste metal particles from other manufacturing processes or recycled materials
in a polymer.

This study concerns the evaluation of mechanical properties such as tensile and flexu-
ral strength for different weight ratios of Ti6Al4V-particulate-filled polyester composite.
Titanium alloys, which are especially preferred in aerospace applications, exhibit tensile
strength, creep and fatigue strength, and fracture toughness; they contain α and β stabi-
lizing elements to achieve the necessary mechanical properties such as fatigue cracking,
stress-abrasion cracking, and oxidation resistance. These properties classify Ti6Al4V as
a precious metal. Recycling chip materials in different forms will provide both environ-
mental and economic benefits. The recycling of Ti6Al4V chips generated during machining
is limited due to difficulties in the recycling process. In this study, Ti6Al4V chips were
converted into powder form using mechanical milling, and the potential use of the ob-
tained Ti6Al4V powder as a reinforcement material in a polyester matrix was investigated.
This article focuses on the effect of the addition of Ti6Al4V particles on the mechanical
properties, and thermal stability of the obtained polyester composite.
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2. Materials and Methods
2.1. Materials
2.1.1. Preparation of Ti6Al4V Powder

Ti6Al4V scraps obtained in chip form following machining served as the starting
materials. The machining chip was supplied by Metrosan Company in Manisa, Turkey.
Ti6Al4V alloy powder was utilized as a reinforcement; it was recycling powder obtained
from Ti6Al4V chips following mechanical milling. The milling process of the Ti6Al4V chip
was performed using the Retsch RS200 vibratory disc mill. In the milling process of the
Ti6Al4V chips, a milling duration of 60 min was selected and a milling speed of 1500 rpm
was used. In this study, irregularly shaped recycled Ti6Al4V powder obtained as a result of
the milling process was used. The characteristics of Ti6Al4V powder used as reinforcement
are given in detail in Table 1.

Table 1. The oxygen concentration in the recycled A and B powders and the commercial Ti6Al4V powder.

Powder d(10)
µm

d(50)
µm

d(90)
µm Oxygen (ppm)

A 4.4 15.4 35.7 34,840
B 14.4 34.6 60.7 20,966

C (Commercial) - 15–45 - 2565

Ti6Al4V powder obtained from the milling process was subjected to 325 and 625 mesh
sieve analysis, and particle size classification was performed. Two types of recycled Ti6Al4V
powder obtained after sieve analysis were coded as A and B according to their particle size
distribution. The commercial Ti6Al4V powder was coded as C. The particle size distribu-
tions of the recycled powders, are dispersed by a range of dry units, were determined using
a laser diffraction particle size measurement instrument (Malvern Panalytical Mastersizer
3000, Malvern, UK). Two kinds of recycled Ti6Al4V powder fillers, coded as A and B,
were utilized, with mean particle sizes of 15.4 µm and 34.6 µm, respectively. Particle size
distribution histograms of powders A and B are given in Figures 1 and 2, respectively.
Commercial Ti6Al4V powder with a particle size of 15–45 µm was also used for comparison
in the same parameters. The commercial Ti6Al4V powder was obtained from the Nanokar
Company (Istanbul, Turkey).
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Table 1 details the oxygen concentration in the recycled A and B powders and the
commercial Ti6Al4V powder. The oxygen ratios in the powders used in the study were
measured using the LECO TC400 Nitrogen/Oxygen determinator, USA. The increase in
oxygen content of recycled powder is due to the milling atmosphere and the increased
particle surface area (particle size is decreased). Additionally, this situation is attributable
to surface contamination of the starting chip and the jar’s temperature.

SEM images of the commercial and recycled Ti6Al4V powders are given in Figure 3.
The recycled powders exhibit a rounded morphology and satellite nanoparticles on their
particles. The shape of the commercial Ti6Al4V particles is angular and their morphology
is smoother than that of recycled Ti6Al4V particles. It is known from the literature that the
morphology of the particles has an effect on the mechanical and thermal properties.
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2.1.2. Polymer Matrix

A commercially available Polipol 353 casting-type polyester resin was used as the ma-
trix material. This is a thermoset type of polymer matrix material. Polipol 353 casting-type
polyester resin is an orthophthalic unsaturated polyester resin designed for general-
purpose, standard casting applications. The polyester resin with added cobalt accelerator
was used together with the hardener; both were purchased from Yücel Kompozit (Izmir,
Turkey), as detailed in Table 2. Methyl Ethyl Ketone Peroxide (MEK-P) is used for curing
general-purpose unsaturated polyesters at room temperature; it is generally added into
a resin at a rate of 1% (by weight).

Table 2. The unsaturated polyester specifications.

Appearance Transparent

Color Clear
Density 1.11 g/cm3

Flash point 32 ◦C
MEK-P hardener % 1

Usable life 30 min/25 ◦C
Cure time 12 h/25 ◦C

2.2. Experimental Methods
2.2.1. Manufacturing of Composites

The polyester resin and MEK-P hardener (%1) were mixed according to the datasheet
provided by the supplier. Three formulations, 0, 5, and 10 wt.% Ti6Al4V powder in
polyester, were developed, as summarized in Table 3.

Table 3. The composition ratio of Ti6Al4V powder in the polyester composite.

Sample Code Polyester (wt.%) Ti6Al4V Powder (wt.%) Powder Type

Neat 100 0 -
PA5 95 5 Recycled

PA10 90 10 Recycled
PB5 95 5 Recycled
PB10 90 10 Recycled
PC5 95 5 Commercial

PC10 90 10 Commercial

A specially designed and fabricated silicon mold was used for this purpose to avoid
sticking during curing. The Ti6Al4V powder was oven-dried for 24 h at 80 ◦C. Ti6Al4V

56



Polymers 2023, 15, 2904

powder was mixed with polyester at a low speed by stirring mechanically to avoid bubbles,
and the hardener was mixed into the Ti6Al4V powder/polyester resin mixture. For the
synthesis of reinforced polyester composites, the mass ratio of polyester to reinforcement
was modified to yield a total of 40 g.

In the case of the particulate-reinforced composites, Ti6Al4V powder was added to
the polyester resin and mixed well in a continuous stirring process until a uniform mixture
was observed; then, the hardener was added into the Ti6Al4V/polyester mixture. Stirring
of the mixture continued for a certain duration depending on the exothermic reaction. The
neat polyester resin samples were also prepared under similar processing conditions.

2.2.2. Characterization of Composites

Five specimens of each type were tested. The results were averaged from five tests.
The three-point bending test was performed with a constant loading speed of 1 mm/min
at room temperature, and a span length of 102.4 mm, as per American Society for Testing
and Materials (ASTM) D790, using a Shimadzu universal testing machine. The dimensions
of the specimens were 125 mm × 12.7 mm × 3.2 mm with a span of 102.4 mm length, as
given in Figure 4. A fixed span-to-depth ratio of 32 was used.
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Laboratory tests were performed using the Shimadzu universal tensile strength testing
machine (AG-IC 100kN); loading speed of the deformation corresponded to 1 mm/min at
room temperature. The tensile test specimen dimensions according to ASTM D638-03 Type
I are given in Figure 5.
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Thermal conductivity measurements were conducted using a C-Therm TCI test ma-
chine, in accordance with ASTM D 5470. The cylindrical testing samples had a diameter
of 20 mm and a height of 3 mm. The thermal conductivity of various proportions of
Ti6Al4V-filled polyester composites was determined.

Morphological investigations of the powders and composites were carried out using
Carl Zeiss 300VP scanning electron microscopy (SEM) apparatus.
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3. Results

All of the samples, neat and PA-PB-PC, for all cases of filler weight fractions and
sample dimensions, were successfully produced with no visible defects or other issues.
The standard deviation values of tensile and bending test results were high because each
sample was produced by hand.

3.1. Tensile Test Results

After the tensile strength analysis, the fractured regions are given in Figure 6. More-
over, Table 4 shows the effect of adding different wt.% and particle sizes of Ti6Al4V powder
on the tensile strength of polyester composites.
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Table 4. Tensile strength of polyester reinforced with different wt.% of Ti6Al4V powder.

Sample Tensile Strength (MPa) Young’s Modulus (GPa)

Neat 44.83 ± 2.46 1.21 ± 0.03
PA5 47.42 ± 4.20 1.17 ± 0.13
PA10 62.17 ± 3.16 1.92 ± 0.10
PB5 49.35 ± 4.02 1.35 ± 0.13
PB10 55.38 ± 3.34 1.39 ± 0.09
PC5 43.58 ± 2.22 0.99 ± 0.08

PC10 52.67 ± 2.71 1.48 ± 0.05

The mechanical properties of particulate–polymer composites depend on the particle
loading, particle size distribution, and particle–matrix interface adhesion [21]. The tensile
strength of Ti6Al4V-powder-reinforced polyester composites, except for the PC5 composite,
increased when compared with the neat polyester composite. It is clear that the tensile
strength is significantly dependent on particle proportion.

The results from the Shimadzu (AG-IC 100 kN) machine and the Young’s modulus
values of the composites are given in Table 4.

The surface area of the particles increased as the particle size decreased. Therefore, the
PA10 composite, which had the largest particle surface area, had higher tensile strength. In
addition, PA and PB composites had higher tensile strength compared with PC composites.
The morphologies of particles A and B were more irregular than particle C. The irregular
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form of the particles provided good correlation, such as interlocking between the polymer
matrix and the filler.

In Figure 7, the polyester composites show decreasing strain (ductility) as the Ti6Al4V
concentration increases. The lowest strain values were obtained with the PA10 sample.
The proportion of filled particles in polymer matrix composites (PMCs) was significant
for the general mechanical behavior of the composite. On the other hand, extreme particle
adding can easily cause agglomeration of the fillers, therefore introducing defects to the
matrix [22]. The tensile strength increased slightly when 5% by weight of the particles
was added, while the tensile strength increased significantly when 10% by weight of the
particles was added to polyester resin. An improvement in tensile strength as the particle
proportion increased, indicated strong interfacial bonding between the particle and the
matrix. The particle size distribution was also a parameter that affected the mechanical
properties of the filled matrix [23].
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The tensile strength also increased as the particle size decreased for the same weight
fraction of the fillers due to the increased interfacial area between the particle surface
and the polymer matrix. The commercial Ti6Al4V powder was used as reinforcement in
PC5 and PC10 composites produced with the same parameters. The tensile strength of
the commercial Ti6Al4V-powder-reinforced composites is lower than that of the recycled
Ti6Al4V-powder-reinforced polyester composites. It is known that the particle shape affects
the mechanical behavior in PMCs [21]. The commercial Ti6Al4V powder had a more regular
morphology than the recycled Ti6Al4V powder. The irregularly shaped reinforcement
connected with the matrix in an interlocking manner [24].

3.2. Three-Point Bending Test Results

The flexural strength of a particle-reinforced polymer matrix composite is affected by
factors such as the bonding strength between the particles and the matrix, particle size
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distribution, and particle loading. The bending test is a simple method for testing supports
that involves a three-point bending test, in which a loading pin is lowered from above at
a constant rate. The specimen is placed on two supporting pins at a set distance from the
specimen, and the fixture is mounted on a universal testing machine at crosshead speed
and load was gradually applied until breakage of the specimen occurred. The test results
are affected by details of the test preparation, conditioning, and load rate. An average of
five specimens was taken. Table 5 shows the effect of adding Ti6Al4V powder with different
weight fractions on the flexural strength and flexural modulus of polyester composites.

Table 5. Flexural strength of the polyester composites.

Sample Flexural Strength (MPa) Flexural Modulus (MPa)

Neat 106.61 ± 2.44 2.280 ± 0.05
PA5 103.92 ± 4.58 2.525 ± 0.11
PA10 118.33 ± 3.71 2.945 ± 0.09
PB5 101.78 ± 4.40 1.973 ± 0.10
PB10 135.85 ± 3.03 3.098 ± 0.08
PC5 93.54 ± 3.82 1.956 ± 0.08

PC10 104.09 ± 2.87 2.774 ± 0.06

The results indicated that the flexural strength decreased when the particle content
was 5 wt.% and then increased with the particle content increasing up to 10 wt.%. For
the PA5-PB5-PC5 composites with a reinforcement ratio of 5 wt.%, the decreased flexural
strength led to a reduction in bending stress. This may be a result of poor bonding of the
particles with the matrix and the inhomogeneous filling of reinforcement in matrices (poor
particle distribution) that diminished the support to bending stress. The particles easily
detached when the composite was subjected to load, which could lead to the formation of
large voids [25].

The flexural strength values of the PA10-PB10-PC10 composites were significantly
enhanced compared with the unfilled polyester composite due to good particle dispersion
and strong polymer/filler interface adhesion for effective stress transfer [26,27]. This
implies that the particle proportion has a significant effect on composite strength. For the
particulate composites, the flexural strength depends on the transfer of stress between the
matrix and particles [28]. The greatest improvement in flexural strength was obtained at
a 10 wt.% content of PB10. The lowest flexural strength of the composites was obtained
with a 10% particle proportion in the PC10 composite.

3.3. Thermal Conductivity Test Results

The experimental results of the thermal conductivity are presented in Table 6. The
effective thermal conductivity of a composite material composed of one type of filler
introduced into a polymer matrix depends on the thermal conductivity of the components,
the filler’s shape, size, concentration, their dispersion into the polymer, and the thermal
interfacial resistance [29].

Table 6. The experimental results of the thermal conductivity measurements.

Sample Thermal Conductivity (W/mK)

Neat 0.2502 ± 0.001
PA5 0.2271 ± 0.003
PA10 0.2317 ± 0.003
PB5 0.2121 ± 0.001

PB10 0.2344 ± 0.003
PC5 0.6079 ± 0.020
PC10 0.6319 ± 0.010
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The addition of the recycled Ti6Al4V powder to the polyester matrix slightly reduced
the thermal conductivity of the composite over that of the neat polymer. However, the
incorporation of the commercial Ti6Al4V powder filler in the polyester matrix significantly
increased the thermal conductivity of the PC5-PC10 composites. In the previous sections,
the properties of Ti6Al4V powders used as fillers were detailed. The morphology of the
commercial Ti6Al4V powder was more regular compared with that of the recycled Ti6Al4V
powder. Thus, the Ti6Al4V filler particle shape and the distribution of filler particles are
the critical factors impacting the thermal properties of metal-filled composites. The result is
most likely due to the different particle shapes between the commercial and recycled types
of filler, since the particle shape has a substantial effect on thermal conductivity [30]. The
presence of oxygen in the A and B powders used as fillers acts as a vacancy and negatively
affects the thermal conductivity. Therefore, the decrease in the thermal conductivity of
PA and PB can be attributed to the high oxygen content. However, the incorporation of C
powder fillers with a lower oxygen content in the polyester matrix significantly increased
the thermal conductivity of the composites.

3.4. Morphology of the Composites

The fracture surfaces of neat polyester and the Ti6Al4V-particle-reinforced composite
samples were investigated for various fracture features under a scanning electron mi-
croscope. According to Figure 8, the results of the experiment also show the irregular
stratification of filler micro particles in the matrix. According to this observation, the
quality of powder-matrix mixing process was not sufficient and better mixing may improve
the powder dispersion in the matrix. The brittle-type fracture mode was observed in all
polyester composite samples. However, micron-sized voids formed by the particles were
observed on the fracture surfaces. During the tensile test, cracks formed at the applied
stress. The lines around the particles indicated that it caused the extra stress concentration.
When adding to the particles to the matrix, the wetting of the particles with the matrix was
very important [31]. The presence of particle traces on the fracture surfaces indicated that
the particles were held in place by the matrix material.
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3.5. Effect of Powder Oxygen Concentration on the Mechanical and Thermal Properties of Composites

We focused on the effects of oxygen on the mechanical properties in the polyester com-
posites. The measured oxygen concentrations in the A, B, and commercial Ti6Al4V powder
were 34,840 ppm, 20,966 ppm, and 2565 ppm, respectively. The results show that the
powder oxygen concentration had a significant effect on the mechanical properties of the
Ti6Al4V-powder-reinforced polyester composites. The tensile and flexural strength of PC
samples decreased compared with PA-PB samples with high oxygen concentrations. High
oxidation may contribute to achieving strong particle–matrix adhesive bonding. In general,
high oxide concentrations can provide strong particle–matrix interfacial bonding [32,33].
The oxidation level of the particles used as filler also affects the thermal properties of the
composites. Although a high oxygen content improves the mechanical properties, it has
a negative effect on thermal conductivity. Thermal conductivity decreased in PA and PB
composites due to the high oxygen contents of powders A and B. However, a significant in-
crease in thermal conductivity was observed in PC samples with low oxygen contents. The
presence of high oxygen reduced thermal conductivity due to the reduction in phonon scat-
tering. Phonon scattering from grain boundaries and internal defects are significant factors
affecting thermal conductivity. The presence of high oxygen reduced thermal conductivity
due to reduced phonon scattering. As a result, the thermal conductivity determined at high
oxidation levels was lower than that measured at low oxidation levels [34–36].

4. Conclusions

Circular economy and recycling studies are critical in today’s materials world. In
addition to recycling, upcycling processes that convert waste streams to value-added
products are a vital subject of study for humanity and the environment.

In this study, we have investigated another waste product obtained from the med-
ical industry. The novelty of this work is that the effect of the recycled and commercial
Ti6Al4V powder on the properties of the polyester composite was studied. In this study,
the effects of particle size, shape, and filler content on the mechanical behavior of poly-
mer matrix composites reinforced with the recycled and commercial Ti6Al4V powder
were investigated.

With the filler loading, an increase in the tensile strength was achieved due to the
increased surface contact area between the particles and the resin. A small decrease in
bending strength with a filler weight fraction of 5% was observed. This may be because
a 5% amount of filler is not sufficient to transmit the stress transfer from the matrix to the
filler. However, an increase in flexural strength was observed with a 10% filler weight
fraction. The addition of the recycled Ti6Al4V powder to the polyester matrix slightly
reduced the thermal conductivity of the composite compared with that of the neat polymer.
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Abstract: The first part of this paper is dedicated to obtaining 3D-printed molds using poly lactic
acid (PLA) incorporating specific patterns, which have the potential to serve as the foundation
for sound-absorbing panels for various industries and aviation. The molding production process
was utilized to create all-natural environmentally friendly composites. These composites mainly
comprise paper, beeswax, and fir resin, including automotive function as the matrices and binders. In
addition, fillers, such as fir needles, rice flour, and Equisetum arvense (horsetail) powder, were added in
varying amounts to achieve the desired properties. The mechanical properties of the resulting green
composites, including impact and compressive strength, as well as maximum bending force value,
were evaluated. The morphology and internal structure of the fractured samples were analyzed using
scanning electron microscopy (SEM) and an optical microscopy. The highest impact strength was
measured for the composites with beeswax, fir needles, recyclable paper, and beeswax fir resin and
recyclable paper, 19.42 and 19.32 kJ/m2, respectively, while the highest compressive strength was
4 MPa for the beeswax and horsetail-based green composite. Natural-material-based composites
exhibited 60% higher mechanical performance compared to similar commercial products used in the
automotive industry.

Keywords: green composites; beeswax; fir needles; recyclable paper; Equisetum arvense; mechanical
properties

1. Introduction

The circular (bioresources) economy is considered one of the most sustainable poten-
tial solutions to the global challenges of energy crises and environmental pollution. The
research community has approached this issue from two main paths: recycling waste to
develop novel materials and using natural resources to create new materials. One area
of significant attention for researchers is the development of fiber-reinforced composite
materials, which have the potential to be used in (semi) structural applications [1]. In the
last decade, great attention has been paid by the research community to the developments
of fiber (carbon, graphite, graphene, aramid, kevlar, natural, and wood fibers)—polymer
(thermoplastic or thermosetting matrices) composites. Fiber-reinforced composite mate-
rials (FRPs) are widely used in modern products due to their exceptional combination of
properties, including high specific strength and stiffness, low weight, durability, and resis-
tance to creep and fatigue. Due to the special properties in relation to weight, composite
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materials have found a safe place in top industries, such as aerospace and aeronautics
(applications for propellers of torpedoes, submarines, etc.) [2], in the automotive industry
(components of transmission, brake discs, engine components) [2–7], in electronics and
electrotechnics (manufacture of packages and layers of integrated circuit-plate supports
on which electronic circuits are mounted to capacitors, electronic transducers or electronic
filters) [8], and so on. However, achieving adequate interfacial strength between the filler
and matrix often requires the use of toxic or expensive compatibility agents. Additionally,
when synthetic fibers are used, the manufacturing process can become energy intensive
due to the high-temperature curing required for the fiber–polymer blend [9,10].

Extensive studies in the specialized literature indicate that many composite materials
with natural reinforcements use polymeric matrices that exhibit good or even very good
physical–mechanical properties [11,12]. However, the advantage of these materials is di-
minished by the polluting factor over their lifetime, as well as the high costs and complex
technological/chemical processes required for their manufacturing and the limited recy-
cling options available at the end of their product lifecycle [13–15]. The environmental
sustainability and cost effectiveness has pushed researchers’ focus to be moved from syn-
thetic FRP composites to more environmentally friendly fillers. Natural plant fibers have
emerged as a suitable alternative to synthetic fibers due to their lightweight nature, renewa-
bility, sustainability, eco-friendliness, carbon neutrality, low cost, biodegradability, and
availability. Moreover, these fibers provide good insulation, toughness, vibration damping,
flexibility, and high specific strength and modulus [16,17]. Moreover, legislative pressures
on the industrial sector have led to an increased demand for environmentally friendly
materials. As a result, natural fibers have gained traction as a commonly used alternative to
synthetic fibers in composite materials. Flax, hemp, jute, kenaf, banana, pineapple, and sisal
are amongst the most commonly used natural plant fibers as reinforcements in composite
materials [1,9,11,17–20]. Compared to synthetic carbon and glass fibers, natural plant fibers
are less expensive, lighter, biodegradable, easy to produce, and environmentally friendly.
Researchers are now exploring the use of natural fibers for higher-load applications by
incorporating ceramic fillers and synthetic fibers as reinforcements. This shift towards
biologically sourced and recyclable materials is driven by the growing demand for sus-
tainable and environmentally friendly materials in order to diminish the burden on the
environment [21,22]. A study on ramie-reinforced PLA composites was reported, with
a positive impact on the mechanical properties (tensile strength) of ramie/PLA compos-
ites [17,19]. Farid et al. [23] investigated the use of natural fibers, including kenaf, jute,
waste cotton, and flax, in blends with PP and polyester binders for sound-absorbing floor
coverings. They found that the sound absorption coefficient increased with the frequency
of sound [24]. This research highlights the potential of natural fibers in creating sustainable
products. In this context, the assimilation of pine needles (PNs) through biotechnology
can offer a valuable opportunity to enhance the circular bio-economy. Converting PNs
into biomaterials and bio-energy can help reduce the reliance on petroleum products and
promote a healthier environment by maintaining the energy–environment network [22–37].

Composite material development by using natural fibers promotes reductions in
greenhouse gas emission, biodegradability, job availability increase, energy saving, easy
decomposition, lightweight, high specific mechanical properties, less tool wear during pro-
cessing, and less density, lowering the product cost. However, there are some shortcomings
when using natural fiber composites due to their hydrophilic nature and the potential of
moisture absorption, debonding the fillers from the matrix [30–34,38]. The CO2 release
during when obtaining natural fiber composites is negligible as compared to synthetic
fiber [35]. The composite structure comprises biodegradable natural fibers, which have
found significant applications as sound-proofing material for automobile components.
Composite laminates with bamboo, cotton, and flax fibers with PLA fibers showed bending
stiffness of 2.5 GPa, but the impact strength, another mechanical property required in such
applications, was been reported [36,37].
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Beeswax is derived from honey combs and is shown as a complex mixture of several
chemical compounds mostly used in the food industry (glazing, carrier of additives in
food, and texturizing agent in chewing gum production) [38]. Praveen B. et al. [38] blended
cellulose triacetate (CTA) microspheres and beeswax in order to evaluate the controlled
release of antidiabetic nateglinide [39]. Pine needles and natural materials were used
to obtain valuable products, metabolites, and bio-energy [23,24,28]. Converting natural
materials into valuable products not only promotes a sustainable energy–environment
network but also reduces the use of conventional petroleum products, resulting in a
positive impact on the environment and human health [32,34]. While technology has
advanced significantly, virtual information storage cannot completely replace readable
paper supports, leading to the continued generation of paper waste.

To the best of our knowledge, there are no previous studies on the fabrication of green
composites by pouring natural material blends based on beeswax, fir resin, fir needles, and
Equisetum arvense onto recyclable paper.

This work presents a novel approach for the development of eco-friendly composites,
consisting of two stages. Firstly, specific molds were 3D-printed using PLA to mold the
natural composite receipts based on recyclable paper, beeswax, fir resin, fir needles, rice,
and Equisetum arvense. In the second stage, eco-composites were prepared through mold
casting (pouring) several natural blends of beeswax, fir resin, with or without fir needle,
rice, or Equisetum onto recyclable paper. This study aims to contribute to the development
of sustainable materials and to reduce waste generation from paper consumption, while
also exploring the potential of natural resources for composite material production.

The major advantage of these composite materials is that both the matrix and rein-
forcement are natural, biodegradable, and recyclable.

This study is part of a larger research program aimed at assessing the feasibility of
using the obtained composites for various industrial applications, such as sound insulation,
thermal-insulating panels, or shock absorbers. In this particular study, we will focus
specifically on the mechanical properties of the composites. By examining the mechanical
properties, we can better understand how these materials can be optimized to provide the
necessary insulation and damping and to gain a more specific insight into their potential
application domains.

2. Experimental Section
2.1. 3D-Printing Molds for Green Composite Development

The research employs a variety of natural materials, such as polymers, resins, waxes,
and biomass waste, to produce composite materials with good sound-absorbing prop-
erties. These materials, which include beeswax, fir resin, ground fir needles, horsetail
(Equiseti herba), rice flour, and paper pulp, offer a high degree of recyclability, low cost, and
minimal environmental impact.

Natural wax is an excellent candidate for use as an organic matrix in sound-absorbing
materials, due to its high content of saturated fatty acids, n-alkanes, and long-chain alcohols.
Similarly, fir resin, with its abundance of resin acids, provides an ideal matrix material
for these composites. Not only do these materials possess excellent sound-dissipating
properties due to their amorphous nature but they are also easy to process, have low
softening points, and act as effective binders for filler materials. This combination of
properties makes them an attractive option for creating effective sound-absorbing materials
at a low cost.

In the pre-testing phase, it was determined that the most suitable filler material for
the composite was in ground form. This decision was based on the groundings’ relatively
large specific surface area, which enables them to bond more effectively with the matrix
material and also helps to create a structure that is as loose as possible. This loose structure
is particularly beneficial for sound absorption, as it allows sound waves to be effectively
dissipated within the material.
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Equisetum and fir needles are not only rich in lignocellulosic material but also in
phenolic compounds, resin acids, and silicon dioxide (in the case of horsetail), which
contribute to the strengthening and thermal stabilizing effect of wax and/or resin. Rice
flour, on the other hand, contains starch, waxes, and proteins that are compatible with
the chosen matrices, while milled paper (recycled cellulose) has a high specific surface
area and absorbency compared to wax and resin. These unique properties of the natural
materials make them excellent candidates for the development of eco-friendly composites
with enhanced mechanical and thermal properties.

Thus, the following eco-composites were preliminarily analyzed from the point of
view of SHORE D hardness:

(a) Beeswax (Ca) and ground horsetail (Cc)—a total of 14 composite materials were
obtained. Percent of ground horsetail between 0 and 39.4%.

(b) Beeswax (Ca) and recycled paper (Hr)—a total of 18 composite materials were ob-
tained. Percent of recycled paper was between 0 and 46%.

(c) Beeswax (Ca) and ground rice (Or)—a total of 10 composite materials were obtained.
Percent of ground rice was between 0 and 86.5%.

(d) Beeswax (Ca) and ground fir needles (Abr)—a total of 10 composite materials were
obtained. Percent of ground fir was between 0 and 86.5%.

A common/household grinding machine was used for grinding and bringing it to the
desired size, and to determine the granulation size, a system equipped with mesh sieves
between 0.036 mm and 0.5 mm diameter was used.

For each material in powder form, the amount was gradually increased step by step
with 0.25 g and then calculated as a percentage of the entire composite.

First of all, all the elements (recycled cellulose, Equiseti herba, rice flour, and paper
pulp) were chopped to the desired granulation, weighed, and prepared according to the
preset recipes for the next step, namely mixing with beeswax.

The second step was to create the composites: beeswax was melted (up to a temper-
ature of 100 ◦C) and mixed with various reinforcements (presented above) in different
proportions until the reinforcer/hardener was maximally moistened.

Last step was to pour the composite while it was still in a pasty state in the mold.
The combinations that produced the best results were identified, and we decided to

use these combinations as a basis for developing new composite materials, as follows:

1. Recyclable paper 100% denoted as S1 (as base for comparison with new composites)
2. Beeswax (50%) + fir resin (50%) denoted as S2
3. Beeswax (62.5%) + horsetail (37.5%) denoted as S3
4. Beeswax (55.56%) + recycled paper (44.44%) denoted as S4
5. Beeswax (45.5%) + milled rice (54.5%) denoted as S5
6. Beeswax (61.5%) + milled fir needles (38.5%) denoted as S6
7. Beeswax (31.25%) + fir resin (31.25%) + horsetail (37.5%) denoted as S7
8. Beeswax (27.78%) + fir resin (27.78%) + recycled paper (44.44%) denoted as S8

To assess the mechanical properties of the natural composite materials, including
their flexural strength, impact resistance, and compression resistance, specific molds were
designed using SolidWorks 2016 software. These molds were specifically tailored to the
unique characteristics of the natural composite materials under study. The molds were
then created using 3D-printing technology, utilizing the Fused Filament Fabrication (FFF)
technique to produce positive molds.

Silicone rubber was subsequently cast into the positive molds, creating negative
molds that were then used to shape the natural blends into their final form. These natural
blends were poured into the negative molds, which were designed to be made from
recyclable paper, enabling a sustainable and environmentally friendly production process.
By utilizing this process, precise and accurate measurements of the natural composite
materials’ mechanical properties were obtained, providing valuable insights into their
potential applications.
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International Standard ISO 14125—Plastics, Subcommittee SC 13, Composites and
reinforcement fibers—was the basis for testing the samples but not the only one; ISO 178 or
ASTM D 790 was consulted, for example.

The photo images taken from the 3D-printed molds are presented in Figure 1.
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Figure 1. 3D-printed positive and negative molds for mechanical testing of the green composites:
(a) for bending; (b) for impact; (c) for compression.

This method of obtaining the molds for testing the mechanical properties of the
samples was chosen due to the particularities of these eco-composites: precise, simple,
and efficient.

2.2. Materials and Green Composite Preparation
2.2.1. Materials

The green composite materials were developed using natural materials, with beeswax
and fir resin serving as the matrix and fir needles, rice, and Equisetum arvense as the rein-
forcing materials. These materials were selected for their biodegradability, recyclability,
and sustainable sourcing. Specifically, the fir resin and fir needles were collected dur-
ing trips to coniferous forests in Brasov, Romania, from fallen branches on the ground.
The natural beeswax was purchased from Apsirom SRL Vaslui, Romania, while the alli-
mentary (grocery-grade) rice and Equisetum arvense were obtained from a local shop in
Brasov, Romania.

The raw materials used for developing green composite materials are presented in
Figure 2.

All these natural materials used for green composite preparation were dried and
ground before their blending. After grinding the fir needles, the rice and Equisetum arvense
grain diameter was under 0.5 mm.

2.2.2. Obtaining Composites

The following steps were taken to prepare the green composite materials:

(1) The base natural materials (beeswax and/or fir resin) were melted at a temperature of
approximately 80–100 ◦C.

(2) The reinforcing natural filler powders (fir needles, rice, Equisetum arvense) were added
in the proportions specified above.
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(3) The natural material blend was mixed thoroughly.
(4) The blend was poured into silicone rubber molds, as shown in Figure 1, over the

recyclable paper.
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The green composites obtained after pouring the natural material blends onto the
recyclable paper can be seen in Figure 4.
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All the natural composition blends were poured onto recyclable paper in the PLA molds.

2.3. Characterization Techniques
2.3.1. Mechanical Tests

Bending and compression strength and Young’s modulus (E) for the composite struc-
tures (sandwich structures and wing sections) were performed on the WDW-150S universal
testing machine with a constant crosshead speed of 10 mm/min for all test (Jinan Testing
Equipment IE Corporation, Jinan, China). The impact (resilience) strength of the green com-
posites obtained was measured on a Galdabini Impact 25 equipment, Cardano al Campo,
Italia, with 25 kJ maximum energy. Compression and bending tests were performed with a
speed of 10 mm/s. The impact energy of the impact hammer was 5.5 J. Five samples were
tested for each mechanical test property, and the average values are reported.

2.3.2. Surface Morphology Analysis

Micrographs were obtained by using a scanning electron microscope (SEM), Hitachi,
Japan, S3400N, type II, and the images were taken from the impact-fractured composite surface.

2.3.3. Optical Microscope

Images of the fractured composite surfaces were taken using an optical microscope
type Leica (Arnhem, The Netherlands), Emspira 3 model.

3. Results and Disscusion
3.1. Mechanical Tests

The mechanical, thermal, and durability properties of a composite are largely deter-
mined by the interfacial adhesion zone in the composite system. The strength of this zone
depends on several factors, including the physical–chemical properties of each composite
component, their size and shape, mass ratio, dispersion grade of fillers into the matrix
composite, preparation technique, and technological parameters used for composite prepa-
ration. In this study, we evaluated the mechanical properties of the green composites in
terms of impact, compression, and bending maximum force, as shown in Figures 5–7.

Figure 5 shows the variation in impact resistance (resilience) for the natural composites.
It is worth noting that the addition of the melted beeswax and fir resin positively influences
the impact strength of the resulting composites (S2 and S3) compared to S1 (recyclable
paper only). The addition of Equisetum arvense powder (S4) and ground rice (S5) negatively
impacted the resilience value of the beeswax-based samples (S2), likely due to their higher
modulus of elasticity, which includes silica-based compounds and unplastified starch.
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Conversely, the addition of fir needle powders (S6) and fir resin (S8) led to an increase
in shock resistance or resilience. The best resilience value was achieved with the S6
composite, which was based on beeswax and fir resin. Additionally, improvements in
impact strength were recorded for S2, S6, S7, and S8, with the highest values found in S6 and
S8 at 19.42 and 19.32 kJ/m2, respectively. These results can be assigned to the mechanical
strength provided by fir resin, as well as the viscoelastic properties of the cellulosic fibers,
as noted by Jakob et al. [40]. It is widely recognized that cellulosic fibers significantly
contribute to the mechanical enhancement of fiber-based composites [40–44]. These findings
are consistent with a study conducted by Butnaru et al. [44], which demonstrated the
superior thermal and mechanical properties of fir needles compared to fir cone and bark.
Furthermore, in addition to their remarkable mechanical and thermal strength, fir needles
also exhibit antioxidant properties, which are of great importance in the development of
natural composite materials [35].
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Figure 7. Maximum bending force variation for composites.

Figure 6 shows the compression strength of the natural blends poured onto recyclable
paper. Sample S2, based on beeswax poured onto recyclable paper, exhibited a 66.6%
increase in compression strength, while sample S3 showed a remarkable increase, exceeding
100%, from 1.8 MPa recorded for S1 (recyclable paper) to 4 MPa recorded for S3. This
significant increase in compression strength can be attributed to the insertion of melted fir
resin molecules through the paper fibers, as well as the formation of an ordered shell that
covers the paper core, as observed in the next section using light microscopy. The hardened
fir resin in S3 effectively reinforced the paper fibers, while the shell provided additional
support, resulting in a remarkable increase in compression strength.

Ground rice addition caused a slight decrease in compressive strength for the S5
sample, while the addition of fir needle powder caused a slight increase in compressive
strength for the S6 sample. The sample based on fir resin (S3) showed the best value for
compressive strength. However, the addition of Equisetum powder and beeswax (S7) and
beeswax alone (S8) had a strong negative effect on the compressive strength of sample S3.

In Figure 7, the maximum bending force of the composites is presented. The addition
of ground fir needles to the S2 sample caused a decrease in the maximum bending force for
the S6 composite. On the other hand, the addition of Equisetum powders (S4), ground rice
(S5), and fir resin with Equisetum powders (S6) led to an increase in the maximum bending
force for sample S2. Among all the samples, composite S5 based on beeswax and ground
rice demonstrated the best value for maximum bending strength. This can be attributed
to the swelling of the rice fibers, as can be observed in the inset surface fracture image of
S5 in Figure 7. The rice fibers covered the paper core, resulting in higher bending force
compared to other samples.

In this study, we compared the mechanical properties of the green composites, which
were considered as the core materials for the final green products with those of similar
commercial products from the automotive sector (see Table 1). We mechanically tested the
commercial core product used as a sound-absorbing panel and found that its properties
were inferior to those of the core material composites developed in this research. These
results indicate that the green composites have the potential to be a superior alternative to
the commercial products in terms of mechanical strength and could be applied in various
fields, including automotive and sound-absorbing panels.
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Table 1. Mechanical properties of the green composites compared to similar commercial products
used in the automotive industry.

Mechanical
Property/Commercial

Automotive Sample/Green
Composites

Impact Strength
[kJ/m2]

Compressive
Strength [MPa]

Bending
Force [N]
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19.42 4.60 18.20

The results obtained from the mechanical tests on the proposed composites indicate
that improvements and a different approach are necessary to further enhance these proper-
ties without sacrificing their advantages, such as being natural, ecological, recyclable, and
sustainable. However, the improved physical–mechanical properties make these compos-
ites suitable for various applications beyond the automotive industry, including aeronautics
and other fields where sound-absorbing panels are needed.

It was also observed that high mechanical properties are not always required for
materials used in the automotive industry, particularly for the lining of the engine hood
and linear luggage, where good sound-absorbing properties are more important. Over-
all, the use of natural, sustainable materials in these applications can provide a more
environmentally friendly solution while maintaining or even improving performance.

3.2. Light Microscopy

To observe the effect of the natural material blend incorporation poured onto the
recyclable paper matrix, optical images of the fractured green composites’ surfaces were
analyzed using light microscopy. Figure 8 displays representative images of all samples,
where the lowest incorporation of natural material onto the recyclable paper matrix corre-
sponds to sample S3, which was poured with fir resin. The rapid toughening of the fir resin
forms a stiff shell that encapsulates the paper matrix, resulting in the highest compression
strength of this sample compared to the others, as previously shown in the compression
test with a recorded value of 4.6 MPa.
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The observations from the light microscopy images show that the natural material
blends were able to wet the paper core effectively. The dispersion of natural blends
was remarkable for samples S2, S6, S7, and S8, with the blends encapsulating the paper
core fibers, thereby adding mechanical strength to the resulting green composites. These
findings confirm the results from the mechanical tests, particularly the high impact strength
values of 19.16, 19.42, and 19.32 kJ/m2 for the green composites denoted as S2, S6, and
S8, respectively.

3.3. Surface Morphlogy and Internal Structure

Scanning electron microscopy was performed to investigate the surface morphology
and interface structure of the impact-fractured composite samples with good mechanical
strength (S2, S6, S7, and S8), as shown in Figure 9. The SEM images reveal a low-rugosity
surface, indicating strong bonding between the composite components and reflecting good
interface strength.
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Figure 9. SEM images of fractured green composites’ surfaces.

The SEM images obtained from the fractured S2, S6, and S7 samples demonstrate a
uniform morphology, indicating a high dispersion of the melted natural materials (beeswax,
fir resin with/without fir needles, and Equisetum fibers) throughout the internal structure
of the paper fiber cores. This behavior, particularly in the case of the S2 sample, confirms
its mechanical performance, as the mechanical tests showed an approximately doubled
impact strength compared to the recyclable paper-only reference. The interface failure is
observed as a matrix failure, with tearing and shearing of the matrix visible. The images in
Figure 9 also show that even after composite fracture, the paper core fibers are still covered
by the melted natural material blend.

4. Conclusions

• This paper presents the steps involved in obtaining 3D-printed PLA molds for nat-
ural composites made of recyclable paper, beeswax, fir resin, needles, rice, and
Equisetum arvense, and it assesses the mechanical properties of the green composites;

• The highest impact strengths, provided mainly by fir resin and cellulose, were at-
tributed to the samples with beeswax and fir needles S6 and beeswax fir resin and
recyclable paper S8, 19.42 and 19.32 kJ/m2, respectively, while the highest compres-
sive strength was 4 MPa for the S3 sample. The rice fibers positively influenced the
maximum bending for the S5 sample;

• The superiority of the green composites’ mechanical properties was proved, consider-
ing the core materials for the final green products over similar commercial products
from the automotive sector;
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• The green composites exhibited over 60% higher mechanical properties compared
to similar products from the market used as sound-absorbing core materials in the
automotive industry;

• The physico-mechanical properties were directly influenced by the wetting degree of
the powders for the beeswax and the fir resin and through the interaction between the
complementary chemical groups from the fillers and the matrices (possibly silicates,
phenolic carboxylic acids, resinic acids, and so on);

• Further research is ongoing to determine the thermal and sound-absorbing proper-
ties of these composites, as well as finding new solutions to enhance their physical–
mechanical properties. One possible solution is combining the benefits of eco-friendly
filament printing, such as polylactic acid, with the sound-absorbing properties of these
new materials.
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Abstract: Anthropogenic microplastics (MPs) and nanoplastics (NPs) are ubiquitous pollutants
found in aquatic, food, soil and air environments. Recently, drinking water for human consumption
has been considered a significant pathway for ingestion of such plastic pollutants. Most of the
analytical methods developed for detection and identification of MPs have been established for
particles with sizes > 10 µm, but new analytical approaches are required to identify NPs below 1 µm.
This review aims to evaluate the most recent information on the release of MPs and NPs in water
sources intended for human consumption, specifically tap water and commercial bottled water. The
potential effects on human health of dermal exposure, inhalation, and ingestion of these particles were
examined. Emerging technologies used to remove MPs and/or NPs from drinking water sources
and their advantages and limitations were also assessed. The main findings showed that the MPs
with sizes > 10 µm were completely removed from drinking water treatment plants (DWTPs). The
smallest NP identified using pyrolysis–gas chromatography–mass spectrometry (Pyr-GC/MS) had a
diameter of 58 nm. Contamination with MPs/NPs can occur during the distribution of tap water to
consumers, as well as when opening and closing screw caps of bottled water or when using recycled
plastic or glass bottles for drinking water. In conclusion, this comprehensive study emphasizes the
importance of a unified approach to detect MPs and NPs in drinking water, as well as raising the
awareness of regulators, policymakers and the public about the impact of these pollutants, which
pose a human health risk.

Keywords: drinking water treatment plant; microplastics; nanoplastics; tap water; bottled water;
quantification; toxicological effect

1. Introduction

Global plastic production, including fossil-based plastics, post-consumer recycled
plastic, and bio-based plastics rose to 390.7 million tons in 2021 [1]. From approximately
300 million tons of plastics manufactured annually [2], it was estimated that 13 million tons
of plastic waste enter rivers and oceans [3]. Due to the resistance of plastic waste to degra-
dation, it currently causes a serious pollution for the environment [4]. The management
of plastic waste is very deficient, for example, 9% of global plastic waste is recycled, 12%
incinerated, and 79% disposed in landfills, dumps, and oceans [5]. Only 5.5 million tons of
post-consumer recycled plastics were reintroduced to the European economy in 2021 [1].

In the aquatic environment, due to the continuous abiotic degradation, plastic items
(macroplastics) eventually break down into smaller fragments less than 5 mm in size to a
few nanometers, typically known as microplastics (MPs) and nanoplastics (NPs) [3,6–10].
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The recognized size ranges for MPs and NPs are still confusing. According to ISO/TR
21960:2020, “microplastic” stands for “any solid plastic particle insoluble in water with any
dimension between 1 µm and 1000 µm (=1 mm),” and “nanoplastic” is defined as “plastic
particles smaller than 1 µm” [11]. According to the Committee for Risk Assessment (RAC)
and Committee for Socio-Economic Analysis (SEAC), “microplastic” means “particles
containing solid polymer, to which additives or other substances may have been added,
and where ≥1% w/w of particles have (i) all dimensions 0.1 µm ≤ x ≤ 5 mm, or (ii) a length
of 0.3 µm ≤ x ≤ 15 mm and length to diameter ratio of >3” [12]. The term “particles” is
“a minute piece of matter with defined physical boundaries; a defined physical boundary
is an interface” [12]. Some authors defined the dimension of MPs according to the ISO
definition [6,8], whilst others reported a classification between <5 mm and 1 µm [3,9,13].
Other authors categorized NPs as plastic particles with dimensions < 100 nm [6,7,10]. In this
paper, we assumed that plastic particles with dimensions ranging between <5 mm and 1 µm
are MPs, while those measuring below 1 µm are NPs. The “microplastic” term should not be
used for natural polymers that have not undergone chemically modification, except in the
case of hydrolysis [12]. In accordance with their origin, MPs could be classified as primary
(resulting from anthropogenic activities, cosmetics, textiles, personal care products) and
secondary (derived from fragmentation of primary ones) [14]. MPs possess a hydrophobic
nature and a morphology of microbeads, fibers, foils, pellets or fragments, while NPs have
colloidal behavior [15].

The presence of MPs and NPs has been documented in the aquatic environment [16–22],
food [23–26], soil [27–29] and air media worldwide [30,31]. Artificial turf used in sports
fields and the degradation of larger plastic pieces from commercial packaging waste are
the primary contributors to the presence of MP pollution in European waters [32]. The
increase number in the number of scientific publications on the occurrence, detection,
characterization and impact of MPs and NPs on aquatic organisms and human health
indicates the true importance of these pollutants [33]. It is expected that MPs and NPs
may have unique reactivity and bioavailability for aquatic organisms [34]. MPs and NPs
remain in the environment for a long time due to their chemical stability after entering
water compartments and greatly affect the function of aqueous systems, being considered
ubiquitous pollutants [35,36]. However, in a natural aquatic environment, the microorgan-
isms immediately colonize the surface of MPs and NPs, which forms biofilm that alters
not only the physicochemical characteristics of MPs/NPs but also their mobility, stability,
bioreactivity, settlement, and fate in the environment [37–39]. The mechanism of biofilm
formation on the surface of MPs in a water environment involves (i) the attachment of
microorganisms to the surface of MPs, (ii) secretion of extracellular polymers (EPS) by
microorganisms, and, (iii) multiplication of microorganisms [39]. This biofilm occurs on
the surface of MPs and leads to their degradation through fragmentation.

Biodegradable polymers are plastic materials with high molecular weights that break
down into H2O, CO2, and microbial biomass final products over time with the help of
naturally occurring microorganisms [40]. It is important to note that there is a distinc-
tion between biodegradable plastics and bio-based plastics, which are obtained from
renewable resources as an alternative to petroleum resources but may not be biodegrad-
able [40]. Studies showed that if the conditions for assuring biodegradability are not met,
the biodegradable plastics contribute to the generation of MPs and NPs like conventional
plastic materials [41–43]. A promising approach for the total removal of MPs from aqueous
media could be the use of microorganisms [44,45]. Unfortunately, 100% degradation of
biodegradable materials cannot be reached under natural environments, so the occurrence
of biodegradable MPs could be an additional threat to the environment [40,46,47]. Accord-
ing to Wei et al. [48], biodegradable polymers produce more MPs in aqueous environments
compared to conventional polymers because they hydrolyze faster in basic environments.

Both conventional and biodegradable polymers can contain chemical contaminants
such as UV filters [49], preservatives, per- and polyfluoroalkyl substances (PFAS) [50] or
flame retardants [51–53], which are considered potential carriers of MPs due to their strong
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hydrophobicity [54]. The migration and deposition of chemical contaminants can occur due
to continuous fragmentation and an abundance of aged MPs [55] increasing the potential
risk to human health. In addition, MPs can bind or adsorb emerging pollutants from
the water environment, such as pharmaceuticals and personal care products [13,56–58],
heavy metals, polycyclic aromatic hydrocarbons [54], and antibiotics [59,60], based on the
specific polymer type, chemical and physical properties of MPs. Compared to MPs, NPs are
considered to pose an increasing potential risk to ecosystems and human populations due
to their higher specific surface-area-to-volume ratio, thus increasing the potential source of
chemical contaminants [61].

According to the World Health Organization (WHO), people should consume between
3.7 L and 2.7 L of liquids per day depending on their body weight [62]. Most of these
liquids comes from tap water or drinks made with tap water. A research paper reported
average concentrations of 94.37 MPs/L in bottled water and 4.23 MPs/L in tap water [63].
Recently, WHO has called for a more advanced assessment of plastic pollution in the
environment, following the fact that small plastic particles have been identified in 90% of
bottled water [64]. This includes the identification of the sources and pathways of MPs, as
well as the development of effective strategies to reduce plastic pollution and mitigate its
impact on human health. Human ingestion of MPs from water bottles can occur through
the use of disposable water bottles, bottles made from recycled plastic, or glass bottles [26].
The US Food and Drug Administration (FDA) has proposed tolerable levels of ingestible
contaminant from recycled plastic to be less than 1.5 µg/person/day [10]. However, the
potential daily ingested dose imposed by the FDA was exceeded for children and adults,
where intakes of 87.8 mg/kg/body weight and 40.1 mg/kg/body weight, respectively,
were reported [65]. According to Cox et al. [63], children and adults consume an average of
approximately 79,828 MPs and 97,827 MPs per year through drinking water. Other studies
have reported an annual intake of 2550–5100 MPs [62] or even 4.1 × 104 items [66] for the
average consumer. The most commonly ingested types of MPs from drinking water were
fibers and fragments [63].

The sources of drinking water for human consumption are tap water and bottled
drinking water. Tap water is supplied by drinking water treatment plants (DWTPs), which
play a vital role in ensuring water safety and meeting the social standards for human
consumption [67,68]. Recently, the presence of MPs in DWTP was reported [69–71] and
removal methods are still under investigation. From DWTPs, the unremoved MPs can
enter water compartments used for daily human drinking water consumption, causing
potential toxicological effects through ingestion, dermal exposure and inhalation [72–75].
Despite water being essential for life, few studies have been reported on the removal of
MPs and NPs from drinking water sources [75] and their impact on human health. The
risk of MPs uptake from drinking water is currently unpredictable. Furthermore, these
plastic particles add to the plastic potentially ingested through the consumption of other
foods/beverages, including sea salt, beer, food and seafood [76]. Until recently, significant
knowledge regarding the detection and identification of these plastic pollutants, especially
those in complex matrices present in raw and treated drinking water, was not available. This
situation is a consequence of various factors, including the varied chemical composition and
surface properties of MPs/NPs [77]. Additionally, distinguishing between NPs and natural
matter can be challenging, and the aggregation of NPs can lead to changes in the solution
ionic strength, which further complicates advanced characterization [78]. According to
reports from the Agency for Toxic Substances and Disease Registry (ATSDR), polystyrene
(PS) and polyvinyl chloride (PVC) are among the most carcinogenic contaminants [79].
The toxicological effects associated with MPs/NPs present in drinking water depend on
the duration and intensity of exposure, as well as the susceptibility, gender and age of the
host [73]. However, the toxicological mechanisms by which MPs/NPs affect human health
are still unknown.

Nevertheless, the investigation of naturally occurring MPs and NPs in drinking water
coming from treatment plants, tap and commercial water bottles in terms of quantification,
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toxicological effects on human health and methods of their elimination has not been fully
explored been fully explored. In a recent review conducted for the period 2016–2021, it was
reported that only nine studies had been devoted to the particle sizes and concentrations of
MPs detected in bottled drinking water [73].

The main objectives of this review are: (a) to evaluate the main technologies applicable
for removal of MPs/NPs from drinking water sources, such as DWTP, tap and bottled
drinking water, (b) to review the innovative analytical methods used for the detection of
MPs/NPs occurring in drinking water sources, and (c) to assess the potential toxicological
risks associated with the human consumption of MPs/NPs from drinking water sources.

2. Methodology

Our search strategy involved the analysis of the most recent papers published in the last
10 years using the Web of Science database, the search terms being “microplastics/nanoplastics”,
“microplastics/nanoplastics in drinking water”, “microplastics/nanoplastics in bottled wa-
ter”, “toxicological effect of microplastics/nanoplastics”. The bibliographic survey was
conducted by selecting papers based on their titles and abstracts, and later, analysis of the
full-length articles.

Figure 1 shows the overview of the review structure.
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The first part of the review presents the conventional physicochemical methods used
for removal of MPs and NPs from drinking water sources, such as coagulation–flocculation–
sedimentation (CFS), filtration, ozonation, membrane filtration technology and adsorption,
their performance and limitations, and new approaches for elimination of MPs and NPs.

Next, other physicochemical methods for removal of MPs and NPs, newly intro-
duced or that may be suitably combined depending on the complexity and diversity of
MPs/NPs in liquid media, are discussed. Multiple techniques are usually required to
obtain information about the concentration, chemical identification, and shape of NPs.
In this section, the newest methods based on mass determination and particle measure-
ment are discussed with respect to the concentration, morphology and polymer type of
MPs/NPs detected in DWTP, tap water or bottled drinking water. Methods based on
mass determination are pyrolysis–gas chromatography–mass spectrometry (Pyr-GC/MS)
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and thermal desorption–proton transfer reaction–mass spectrometry (TD-PTR/MS). Gen-
eral methods based on particle measurement include micro-Fourier-transform infrared
(µ-FTIR) spectroscopy, micro-Raman (µ-Raman) spectroscopy, single particle inductively
coupled plasma mass spectrometry (SP-ICP-MS), dynamic light scattering (DLS), scanning
electron microscopy–energy dispersive X-ray spectroscopy (SEM-EDX), and transmission
electron microscopy (TEM).

Subsequently, the potential toxicological effects of MPs/NPs from drinking water
sources on human health are assessed based on the size and concentration of MPs/NPs,
as well as other additives incorporated into bottled drinking water. Most studies have
been conducted on the exposure of marine organisms to commercial PS NPs purchased
from authorized institutions or polyethylene terephthalate (PET) NPs. This is because PS
NPs have been detected in the marine environment [80] and PET is the most widely used
material for manufacturing bottles and packaging [81,82]. Few studies have been dedicated
to investigating the effects of NPs released into drinking water sources on human health.

Finally, this paper highlights the main legal, technical, and social measures necessary
to reduce the risks associated with contamination of drinking water sources with MPs/NPs
and summarizes the key conclusions.

3. Results and Discussions
3.1. Physicochemical Methods for Removal of Micro- and Nanoplastics from Drinking
Water Sources

DWTPs are processes with multiple stages that provide safe drinking water for human
consumption [83]. Conventional methods used to remove MPs/NPs from DWTPs include
coagulation–flocculation–sedimentation (CFS), filtration [3,17,18,84], ozonation [19,85], and
chlorination [85]. The treatment process in a DWTP influences the quality of the drinking
water produced [72].

In this section, the most frequently used physicochemical methods for removing of
MPs/NPs from drinking water sources have been assessed (Table S1). The effectiveness
of MPs/NP removal from drinking water sources depends on various factors, such as
their physicochemical parameters (concentration, molecular weight, size, shape, age),
the adopted treatment method, the type and dosage of coagulant, the type of filtration,
water source, as well as the presence of mixture of natural compounds, named natu-
ral organic matter (NOM) [72]. Also, the old and worn components from the DWTP
could potentially be a potential source of MPs in drinking water [69]. Studies have re-
ported the successful removal of intentionally added MPs/NPs in water [3,17,54,78,85],
as well as those present in DWTPs [69–71]. Recently, it was demonstrated that MPs with
sizes > 10 µm can be completely removed from DWTPs, and over 80% of the removed MPs
had a dimension > 1 µm [86].

3.1.1. Coagulation–Flocculation–Sedimentation (CFS)

Coagulation is an important conventional method used for the removal of pollutants
from drinking water sources [54]. Most studies carried out for plastic contaminant removal
from drinking water have used spherical engineered particles, especially PS (Table S1),
without surface roughness or biofilm. A few studies have dealt with the monitoring
of small MPs (<10 µm) in drinking water [3,17,78]. The presence of NPs in drinking
water treatments has been reported [3], but their complete removal has not yet been
revealed. The mechanism of PS NP removal was attributed to physical retention and
straining processes [3].

PE MPs of three sizes (10–20 µm, 45–53 µm, and 106–125 µm), PS NPs (180 nm in size),
and PS MPs (1.2 µm in size) were removed from drinking water by conventional treatment
using coagulation–flocculation combined with sedimentation (CFS) and granular filtration
in the presence of Al2(SO4)3 and diallyldimethylammonium chloride (polyDADMAC) as
coagulant aid [17]. The results showed that granular filtration was more efficient than the
CFS method, resulting in a 99.9% removal rate for polyethylene (PE) MPs with dimensions
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ranging from 106 to 125 µm [17]. Additionally, the presence of biofilm increased the
efficiency of the CFS treatment, improving the removal of MPs from <2.0% to 16.5% [17].
The occurrence of biofilms can significantly modify MP characteristics (size, shape, and
density) and subsequently the efficiency of water treatment. Other authors demonstrated
that the biofilm formed on the surface of MPs/NPs increased the removal efficiency in
column experiments conducted with aged sand from 43% to 77% [17,78]. The explanation
consists in the presence of humic substances from NOM [87] facilitating the positively
charged coagulants to adsorb NPs with a negative surface charge [88,89].

Regarding the concentration of coagulant, the data showed that 20 ppm is the typical
maximum coagulant concentration used for effective drinking water treatment [17]. Alu-
minum sulfate [Al2(SO4)3] or alum, polyaluminum chloride (PACl) [(Al(OH)m Cl(3-m))n],
polyDADMAC, aluminum chloride (AlCl3), and iron chloride (FeCl3) are the most com-
monly employed coagulants in water treatment [17,54,71,88]. The effect of two conventional
coagulants, PACl and FeCl3, on NP removal from three bottled mineral waters and Lake
Geneva was investigated [88]. It was found that at lower doses required for the coagulation
of NPs, PACl was more effective than FeCl3 [88]. PACl is a conventional inorganic coagulant
preferred for the treatment of water because it assures a low concentration of residual metal
in treated water [83]. The efficiency of PACl was also reported by other authors [3].

The removal efficiency of engineered PE MPs from deionized water containing humic
acid in the presence of FeCl3·6H2O and AlCl3·6H2O and sodium bicarbonate (NaHCO3)
as a buffer followed by the ultrafiltration membrane technology was investigated by
Ma et al. [54]. AlCl3·6H2O was found to be more effective in removing PE MPs than
Fe-based salts. Both coagulant agents led to increased removal efficiency with decreased
particle sizes of PE MPs. However, a lower removal efficiency of 25.83% ± 2.91% after
coagulation and slight membrane fouling were recorded.

Other coagulants and coagulant aisd typically used in the CFS method, combined
with filtration, are alum at a concentration of 20 ppm and polyDADMAC at 0.5 ppm [17].
PolyDADMAC is a type of high-molecular-weight polymer coagulant aid that helps in
bridging and binding of particles, improving floc strength and achieving optimal floc size,
leading to a higher rate of sedimentation. The authors reported a significant difference in
the removal efficiency of the polyDADMAC coagulation aid (13.6% ± 6.8% for particle sizes
45–53 µm) compared to raw water and CFS treatment [17]. This behavior was explained
by the ability of polyDADMAC to bind the particles, strengthen the floc, and increase the
sedimentation rate [17].

Another strategy for removing engineered PE MPs with sizes ranging from 10 to
100 µm from synthetic water was to stain them with Nile red dye and use alum and
alum combined with cationic polyamine-coated (PC) sand as coagulants [90]. PC sand
(500 mg/L) combined with an alum dose of 20 mg/L showed the highest removal rate
(92.7%) compared to using alum alone. The dimension, shape and surface morphol-
ogy of the MPs played a significant role in the coagulation and flocculation mechanism.
The order of MP removal was observed to be elongated-rough (ER) > elongated-smooth
(ES) > spherical-rough (SR) > spherical-smooth (SS) based on the results of a flocculation
kinetic study [90].

An overall efficiency of 82.1–88.6% was achieved in a DWTP that utilized various
processes, such as coagulation–flocculation–sedimentation, sand filtration, ozonation, and
granular activated carbon (GAC) filtration, for the removal of MPs [68].

Instead, the use of aluminum salt coagulant combined with sand filtration led to
a removal efficiency of 93% ± 5% for MP removal (especially PS and polyester) in a
DWTP from Spain [69]. In another study [70], the pre-disinfection with liquid chlorine gas,
followed by the addition of alum coagulant (at a flow rate of 3000 L/h), purification with a
pulse clarification system, sand filtration, and post-disinfection steps led to 85% removal
efficiency in DWTPs.

Velasco et al. [71] compared the effectiveness of coagulant, sand filtration, and acti-
vated carbon (AC) for removing MPs such as synthetic fibers (cotton, viscose, and cellulose)
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from a DWTP. The results indicated that the use of PACl coagulant and AC filter led to a
higher removal efficiency of MPs (97 ± 3%). This removal efficiency was compared to a
lower rate of 89% when the coagulant was not used. Sand filtration already demonstrated
high removal efficiency (95% without coagulant and 92% with coagulant), emphasizing the
significance of this step [71]. However, other authors [68] reported that the sand filtration
played no significant role in the removal of MPs. They achieved a removal efficiency of
only 29.0–44.4% compared to coagulation/sedimentation methods. In terms of the shapes
of MPs eliminated, it was found that fibers accounted for 96% when the coagulant, sand,
and AC filtration were used [71]. In the case of CFS followed by ozonation integrated with
GAC, the percentage of fiber elimination ranged from 51.6% to 78.9% [68].

Disadvantages associated with the coagulation treatments include reduced removal of
MPs/NPs, high coagulant consumption [67], and increased presence of residual Al-based
salts in the case of Al coagulants, which can have adverse effects on human health [91].
While the CFS technique alone is insufficient for removing plastic pollutants from drinking
water, combining it with granular filtration techniques has been successful in removing
MPs/NPs larger than 100 µm from DWTPs [17]. Special attention should be given to the
configuration of DWTPs and operating parameters for the removal of both MPs and NPs
from drinking water.

3.1.2. Disinfection Technologies

During the process of disinfecting drinking water, MPs/NPs may pass through the
filter and enter the municipal water supply network, eventually reaching consumers’ taps.
To address this issue, ozonation and chlorination, which are frequently employed in water
treatment plants, have been proposed as potential methods for degrading MPs/NPs [85].

In one study [85], a concentration of 2.5 µg/L PS NPs in water was investigated to
determine the effectiveness of ozonation and chlorination technologies for the degrada-
tion and mineralization of PS NPs. The average ozone dosage in drinking water was
maintained at 4.1 mg/L, while 2.5 mg/L was the concentration of chlorine (in the form
of hypochlorite salts) for chlorination. After 30 min, ozonation resulted in the removal
of 96.3% of PS NPs, while chlorination only removed 4.2%. This significant difference
was attributed to the increased hydrophilicity of PS NPs, which occurred due to the intro-
duction of oxygen-containing groups on the surface during the ozonation treatment. It
has been demonstrated through Pyr-GC/MS that ozonation is more effective than chlo-
rination for the destruction of PS NPs from DWTPs. Chlorination, on the other hand,
resulted in the formation of a shorter macromolecular chain due to a destruction of a small
number of C-C bonds [85]. The Pyr-GC/MS spectrum of PS NPs after ozonation showed
several new signals at retention times of 2.286 min, 3.393 min, 11.992 min, 12.091 min,
16.294 min, 17.137 min and 20.046 min, which corresponded to acetic acid (CH3COOH),
phenol (C6H6O), acetophenone (C8H8O), hydroquinone (C6H6O2), methylbenzaldehyde
(C8H8O), dimethyl acetophenone (C10H12O), and phenylpropionic acid (C9H10O2), respec-
tively. In contrast, the spectrum of PS NPs after chlorination was identical to that observed
before this treatment (Figure 2) [85].

In another paper, ozonation and three successive filtration media involving rapid sand,
AC, and slow sand filtration were used for the removal of palladium (Pd)-labeled NPs
from real DWTPs [78]. A minor impact related to transport through columns was observed
when the NPs were pretreated with ozone. Slow sand filtration promotes biofilm formation
and results in high efficiency for NP removal (99.5%).

Conversely, the amount of MPs slightly increased in the treated water after the ozona-
tion process [68]. The authors explained the rise of MPs particles during ozonation as
a result of the destruction of residual organic matter attached to the MPs, as well as the
breaking of MPs due to the cutting force of the water flow.
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acid (C9H10O2).

3.1.3. Adsorption

Adsorption is widely used for the removal of contaminants from aqueous solutions,
being cost-effective and environmentally friendly [92–94]. The possible factors affecting
the removal efficiency of MPs/NPs by adsorption include: pH, temperature, adsorbent
types, dissolved organic matter (DOM), and ions [72]. pH and temperature are considered
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the two most important factors. pH affects the adsorption efficiency mainly by influencing
the charge on the surface of MPs and the adsorbent, whereas temperature can influence
the adsorbate diffusion rate and equilibrium capacity; higher temperatures led to high
MPs adsorption [72].

GAC is the most widely used adsorbent material in the drinking water purification
process due to its high surface area and porous structure [3,95]. The efficiency of positively
charged PS NPs hydrazine was evaluated following sand and GAC filtrations in the main
DWTP from Geneva (Switzerland), with and without coagulant agent [3]. An increased
removal of PS NPs was found in the case of GAC filtration compared to sand filtration,
explained by the adsorption capacity of GAG. By using PACl coagulant, the filtration
efficiency increased up to 99.4% ± 1.1%, because the retention of large NPs aggregates was
improved and surface charge of PS NPs was reduced, leading to repulsive forces between
NPs and filter media, thus improving both their retention and removal.

Another study on the removal of NPs from DWTP by using CFS and sand/GAC
filtration revealed a difference in the NP removal mechanism between those two techniques,
NPs of 200 nm being more efficiently removed by CFS, while some smaller NPs (50 nm)
were better removed by GAC filtration [84].

During the simulation of the dynamic adsorption process of engineered PS NPs by
GAC filtration of drinking water, characterized by a surface area of 759 m2/g and pore
volume of 0.357 cm3/g, a very stable structure of GAC was revealed, its abundant pore
structure of 3.09 nm and good regeneration (90% after the first cycle) making this adsorbent
effective for adsorption of PS NPs [14]. The addition of Ca2+ increased the ionic strength by
reducing the electrostatic repulsion between PS NPs. This behavior favors the aggregation
and retention of PS NPs in the GAC pores.

Recently, Sajid et al. [96] highlighted the role of metal–organic frameworks, bio-based
nanomaterials, carbon-based nanomaterials, and layered double hydroxides as adsorbents
for the elimination of MPs from aqueous media. In this vein, Martin et al. [97] exploited the
ability of iron oxide nanoparticles (IONPs), synthesized via green chemistry methods and
further coated with different hydrophobic or amphiphilic coatings, to separate, concentrate,
and remove NPs from water by magnetic separation. Thus, 1000-multifilament yarn of
30 µm diameter, PE nurdles and PE fibers were used as models for the removal of NPs
from freshwater and placed in contact with coated iron oxide nanoparticles (IONPs). All
PE nurdles and fibers were collected with a simple 2-inch permanent NdFeB magnet [42].

However, at the end of their use, the adsorbents must be regenerated by remov-
ing the adsorbed MPs/NPs; otherwise, they present a potential risk of returning to
the environment [72].

3.1.4. Membrane Filtration Process

Membrane filtration is currently employed to remove emerging pollutants from con-
taminated waters [98]. For instance, vacuum-assisted filtration with an inorganic filter
membrane (for example, Whatman Anodisc, 47 mm diameter, 0.2 µm pore size) was used
to separate NPs from bottled and tap water [62]. Consequently, the total amounts of
MPs particles found in tap water and plastic bottled drinking water ranged from 0.99
to 26 MPs/L [62]. In the case of the water deposited in glass bottles, the detected MPs
were below the limit of quantification (LOQ) by µ-FTIR analysis. The composition of
the detected MPs was: 38% PE, 25% PS, 22% and polypropylene (PP), polyamide (PA),
and polyurethane (PU) in small amounts [62]. The most commonly used polymers for
production of water bottles are PET for the body [16,99] and high-density polyethylene
(HDPE) for the caps [100,101]. However, the source of MPs/NPs contamination depends
on the bottle manufacturing technology.

Recently, Cherian et al. [102] reported the performance of three point-of-use (POU)
water treatment devices containing GAC, ion exchange (IX), and microfiltration (MF)
components used by consumers for optimal MP removal from drinking water. PE and PET
as fragments and nylon as fibers were used as spiked MPs. The study showed that the POU
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device containing GAC and IX did not effectively remove MPs. The POU device containing
GAC, IX and filtration membrane with pore size > 1 µm exhibited 78–86% and 94–100%
removal for polyvinyl chloride (PVC) and PET, respectively, while, the best performance
was reported in the case of the POU device including MF with pore size > 0.2 µm, GAC
and IX, when 100% PVC and 94% PET were removed. High nylon fiber removal was
observed in all POU devices. This study highlighted the importance of membrane- and
small pore-associated membrane filtration process for MP removal.

Ultrafiltration units are often installed as a single filtration stage in newly constructed
plants [103]. With pore sizes of about 10 nm, high NP removal efficiencies are expected
through such treatment processes. Barbier et al. [104] showed, for the first time, that the
nanofiltration process is more efficient than conventional methods (coagulation–flocculation,
settling, sand filtration, ozonation, GAC filtration, UV treatment, and chlorination) used to
remove MPs from DWTPs. Thus, by applying nanofiltration for MP removal from three
DWTPs, the authors reported concentrations ranging from 7.4 to 45.0 MPs/L in the inlet
water, while these decreased to 0.260 MPs/L in the case of outlet drinking water. The
overall removal rate was >99%, and the MPs identified were PP, PE and PET.

Even though drinking water treatment processes should minimize the chances of MPs
entering tap water, thus reducing their risk to consumers, membrane filtration can increase
the number of MPs/NPs in some cases. MPs/NPs can be released in the membrane filtra-
tion step and further adsorb halogenated by-products resulting from chemical purification,
thus becoming a secondary pollution during long-distance water transport [105]. For exam-
ple, a concentration of MPs/NPs of 67.81 ng/L was found after using membrane filtration
compared to 13.23 ng/L detected in tap water [106]. Membrane filtration is considered
to exhibit a high potential ecological risk due to the membrane destruction during water
filtration and clogged pores [106].

3.1.5. Other Technologies

Another suitable approach for removing low-density polyethylene (LDPE) suspended
on the water surface could be dissolved air flotation (DAF) water treatment. The purpose
of DAF is to diffuse the air in the form of fine bubbles in the drinking water, followed by
flotation of the suspended particles and their final removal by skimming [17]. The removal
efficiency of MPs and NPs was evidenced by the analysis of sediment captured by filtration
of 250–500 mL of raw water using filter membranes with various pore sizes (pore size of
25 nm for NPs with 180 nm particle size, and pore size of 200 nm for NPs with 1.2 µm,
10–20 µm, 45–53 µm, and 106–125 µm particle sizes) [17]. The filtration removal efficiency
was not dependent on the size of the plastic particles. For example, by using five different
sizes of fluorescent plastic particles, namely, 106–125 µm, 45–53 µm, 10–20 µm, 1.2 µm,
and 180 nm, the corresponding removal efficiencies were reported to be 99.9% ± 0.1%,
97.0% ± 3.0%, 86.9% ± 4.9%, 94.9% ± 0. 4%, and 98.9% ± 0.7%, respectively [17]. Removal
efficiency by filtration treatment was affected by multiple mechanisms, such as straining,
interception, gravitational sedimentation, diffusion, and particle attachment/detachment.

In addition to the traditional methods (filtration, coagulation, centrifugation, floccu-
lation, and disinfection) used to remove MPs/NPs from drinking water, new effective
methods involve the use of microorganism-based degradation, membrane separation with
a reactor, and photocatalysis [107].

A membrane bioreactor can be used as an effective technology in the treatment of
drinking water. For instance, the removal of PVC with a concentration of 10 particles/L
daily and size < 5 µm from synthetic water by using a membrane bioreactor was studied
by Li et al. [91]. Besides a removal rate of organic matter and ammonia over 80% and 95%,
respectively, higher membrane fouling and irreversible membrane fouling were observed
in the case of PVC contamination.

An eco-friendly and sustainable method for removing MPs from water involves using
visible light to activate a photocatalytic process [108]. This approach employs glass fiber
substrates to capture low-density MPs, such as PP, while also supporting the photocatalyst
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material. The process uses zinc oxide nanorods immobilized onto the glass fiber substrates
in a flow-through system to break down spherical PP MPs suspended in water via visible
light irradiation. After two weeks of this treatment, the average particle volume decreased
by 65%. Gas chromatography–mass spectrometry was used to identify the primary by-
products of photodegradation, which were found to be mostly non-toxic according to the
existing literature.

A new approach that could help remove MPs/NPs from contaminated water involves
using algal cells as bio-scavengers [109]. These cells bind the particles to their surfaces or
incorporate them into their own cells, filtering them from the water. The polluted biomass
can then be further processed downstream through microalgal cultivation, together with
sustainable biofuel production, ultimately destroying the MPs/NPs.

All the methods used to remove MPs/NPs from DWTPs require special attention,
considering the emergence of new MPs/NPs during the distribution network to tap water
consumers. Also, it is important to note that these technologies may not remove all MPs
from drinking water sources, and a combination of treatment methods may be necessary to
achieve the desired level of removal.

3.2. Analytical Methods for Monitoring Micro- and Nanoplastics in Drinking Water Sources

A critical evaluation of applicable methods used for the identification and quan-
tification of MPs/NPs was recently performed by Cella et al. [110], Ivleva et al. [111],
Liu et al. [112] and Lee et al. [113]. Criteria used for the quantitative evaluation of the
quality of MP concentration data were well reviewed by Koelmans et al. [114]. In this
section, the sensitive methods based on mass or particle size needed for identification and
quantification of MPs from DWTPs, tap water and bottled drinking water sources have
been reviewed.

Table 1 shows the characteristics of MPs/NPs found in drinking water sources
in terms of size, concentration, polymer type or morphology monitored by different
analytical techniques.

Table 1. Characteristics of MPs/NPs identified in drinking water sources.

Source Method Characteristics of MPs/NPs Polymer Type Ref.

Three DWTPs FTIR and Raman Concentrations of 443 ± 10, 338 ± 76 and
628 ± 28 particles/L PET, PP, PE [16]

1200 L to 2500 L water from
DWTPs (sampled in 2014

in Germany)

µ-FTIR microscopy
coupled to a FPA

detector

Four blank samples contained
45 ± 22 fibers, 18% were black and 78%

were transparent;
DWTPs show 0.7 fibers/m3, with sizes

ranging from 50 to 150 µm

Control: PP, SAN
DWTPs: PE, PA, PES, PVC

or epoxy resin
[115]

DWTP, Germany µ-Raman
MPs size varying from 50 to 5000 µm;
Shape of MPs: 83.3 % fragments and

16.7% fibers

37.8% PE, 31% PP and
24.4% PS were the most
commonly found plastic
in the analyzed samples

[116]

38 samples were collected from
different tap waters from China µ-Raman

Concentration of MPs was varying from 0
to 1,247 particles/L

Distribution of MPs according to different
size classes was:

31.25 to 100% for 1–50 µm;
1.47 to 31.25% for 50–100 µm; 1.72 to

31.25% for 100–300 µm; 1.18 to 7.69% for
300–500 µm; 1.72 to 11.76% for

500–5000 µm

26.8% PE, 24.4% PP, 22%
compounds of PE and PP,

7.3% polyphenylene
sulfite (PPS), 6.5% PS,

3.3% PET, and 9.8% other

[117]

DWTPs LDIR, optical
microscopy

MPs decreased after pre-treatment
(80–99%); Size of MPs ranging from

20 to 500 µm; concentration of
2 MPs/L

PA, PET, PE, rubbers,
chlorinated PE [118]
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Table 1. Cont.

Source Method Characteristics of MPs/NPs Polymer Type Ref.

Two DWTPs and ten tap water
samples (from Iran)

Density separation
techniques, digestion,
observation, µ-Raman

and FTIR, and SEM

An average of 22–51.8 MPs/m3 for DWTPs;
A high concentration of particles in tap

water (85–390 MPs/m3) compared to those
found in DWTPs

PS [119]

Two tap water samples
(collected from Saudi Arabia) µ-FTIR First sample: 1.8 MPs/L

Second sample: <LOQ PE [62]

159 samples of tap water
collected between January and
April of 2017, from 14 countries

FTIR

Concentration ranging from 0 to 61 MPs/L,
with an overall mean of

5.45 MPs/L;
98.3% MPs were identified as fibers, and
the remaining particles were identified as

fragments or films

Not mentioned [120]

Tap water sample (from China) FTIR, AFM-IR and
Pyr-GC/MS

The most frequently occurring particles
had a size ranging from 58 to 255 nm, and a

concentration between 1.67–2.08 µg/L
PE, PP, PS, PVC, PA [121]

Two brands of bottled water in
PET bottles

TD-GC/MS combined
with TFU;

super-resolution optical
nanoscopy with

microsphere lens; DLS

Size ranging between 66–605 nm

Degradation products of
PET: phthalate derivatives

and ethyl
p-ethoxybenzoate

[122]

Mineral water bottles (0.5 L)
consisted of transparent PET,

with cap made of white HDPE
SPES and µ-Raman

Size distribution: fewer than 10% of particles
have a dimension of 0.38 ± 0.03 µm, and

fewer than 9% of particles have a dimension of
1.04 ± 0.14 µm

HDPE, PET [123]

Four mineral water bottles FTIR
Concentrations ranging from <1 MP/L to

317 ± 257 MPs/L, with particle
sizes ≥ 11 µm

PE, PP, PS, polyester, PVC,
EvOH, and PA [124]

32 samples were collected from
21 different brands of mineral

waters (from Bavarian location)
µ-Raman

Single use PET bottles: 2649 ± 2857 MPs/L
Reusable PET bottles: 4889 ± 5432 MPs/L

Glass bottles: 6292 ± 10,521 MPs/L
Single and reusable PET: 95% of the plastic

particles < 5 µm and 50% < 1.5 µm
Glass bottle: ~15% of plastic particles were

between 5 µm and 10 µm,
and ~7% > 10 µm

PET for PET water bottle;
PE (46%), PP (23%) and a

styrene-butadiene-
copolymer (14%) for glass

water bottle

[125]

Ten mineral waters, either still or
sparkling, in PET plastic bottles

(from Catania, Italy)

SEM, density, statistical
analysis

MPs with a mean diameter of
2.44 µm ± 0.66 µm were detected on

PET surface
Not mentioned [65]

Drinking water stored in PC and
PP bottles (from China)

LDIR chemical imaging
system, TEM

53 to 393 particles/mL during
100 opening/closing cycles PC, PP [126]

63 drinking water samples
collected from decentralized

refill kiosks in the Mexico City
ATR-FTIR 11 to 860 MPs/L from which: 65% were

fibers, 28% fragments, and 7% films
PET, PA, vinyl polymers,
polyacetals, cellophane [127]

Focal plane array (FPA), styrene acrylonitrile (SAN), tangential flow ultrafiltration (TFU), dynamic light scattering
(DLS), single particle extinction and scattering (SPES), atomic force microscopy–infrared spectroscopy (AFM-IR),
ethylene vinyl alcohol (EvOH), polyamide (PA), polycarbonate (PC), laser direct infrared (LDIR), ATR-FTIR
(attenuated total reflectance–Fourier-transform infrared spectroscopy).

3.2.1. Methods Based on Mass Determination

The most used laboratory methods for MP/NP identification based on mass determi-
nation are Pyr-GC/MS [85,121,128,129], TD-GS/MS [122], SP-ICP-MS [9], surface-enhanced
Raman spectroscopy (SERS) [130], ICP-MS [131], MALDI-ToF/MS [132], TD-PTR/MS [133],
quantitative proton nuclear magnetic resonance (q1H NMR) HPLC [134], and differential
scanning calorimetry (DSC) [135]. Scarce results have been reported regarding the detection
of MPs in drinking water sources, possible due to a lack of standardized methods, limits
of quantification, high cost of analytical tools, as well as variety of plastic pollutants in
drinking water sources [76]. The analytical methods developed for the investigation of NPs
are still uncertain, mainly due to limitations in laboratory workflow and the low sensitivity
of analytical tools, which result in limited signals [136,137].
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Funck et al. [128] developed a method for quantification of MPs from 3500 L water
collected from DWTP by Pyr-GC/MS analysis using cascade filtration with mesh sizes of
100 µm, 50 µm and 10 µm and a platinum filament having dimensions of 20 mm × 5 mm
for sample application. Thus, the quantification limits for PS and PE were 0.03 µg and 1 µg
with a relative standard deviation of 11%.

A recent study has reported the quantification of NPs found in bottled water down to
1 nm [122]. Huang et al. [122], developed a new method based on thermal desorption (TD)
into a gas chromatography–mass spectrometry (GC/MS) system coupled with tangential
flow ultrafiltration (TFU) and evaporation techniques. The principle consisted in the
concentration of NPs in retentate fluids by dewatering and desalting, thus preventing
the loss of solids. The authors demonstrated the presence of PET-degradation products
(from bottles) during a thermal mechanism and exposure to light. The advantages of this
TD-GC/MS technique compared with other techniques were a higher resolution analysis
without the use of organic solvent, low sample volume for NP determination, and analysis
time (27 min per sample) [122].

Li et al. [121] successfully used a sequential filtration with inorganic filters, followed
by identification of chemical groups using a micro-zone through atomic force microscopy
(AFM) coupled with infrared spectroscopy (AFM-IR), and, finally, employed Pyr-GC/MS
for the identification of polymer in tap water [121]. The authors quantified NPs ranging
from 58 nm to 255 nm as polyolefins, PS, PVC, PA, and some plastic additives.

A suspension of PS22 model NPs conjugated with AuNPs@gel at a concentration
of 1 × 1012 particles/L was used for the development of the SP-ICP-MS method to quantify
NPs up to 1 µm and a concentration of 8.4 × 105 NPs/L in drinking water and tap water
samples [9]. The strategy of using SP-ICP-MS for the detection and quantification of NPs in
water sources is based on the oxidation signature of aged plastic debris, and the conjugation
of carboxyl groups from the surface of NPs particles with functionalized positively charged
metal (gold)-containing NPs (AuNPs).

Lin et al. [130] confirmed that PE particles were gradually released over time in plastic
cup and bottled mineral water samples during irradiation by using of SERS. Analysis of
the signal spectrum collected in 15 s revealed that the PE concentrations measured for
plastic cups and bottles were 3751 ± 0.19 ng/mL and 1522 ± 0.21 ng/mL, respectively,
after 240 min. The detection limit for NPs was 1.6 ng/mL when copper oxide/silver NPs
(CuO/Ag NPs) were used as SERS substrate (Figure 3). Similar concentrations of MPs
ranging from 1.67–2.08 µg/L were found in tap water by using Pyr-GC/MS [121].

A nanowell-enhanced Raman spectroscopy (NWERS) substrate, composed of self-
assembled SiO2 sputtered with silver films (SiO2 PC@Ag), was developed for PS NP
detection from tap and bottled drinking water, with a size < 200 nm and a limit of detection
(LOD) of 5 µg/L [138].

Realistic PET NPs from bottled water labeled with an iridium-containing organic
molecular agent were detected in liver, spleen, lung and kidney via inductively coupled
plasma mass spectroscopy (ICP-MS) [131].

Asymmetric flow-field flow fractionation (AF4) and multiangle and dynamic light
scattering (DLS-MADLS) methodologies were used by Villacorta et al. [139] for monitoring
PET NPs from plastic water bottles. To tackle the real NP sample without metal contamina-
tion, the authors used diamond burrs to obtain uniform and representative samples with a
size of about 100 nm for the investigation of potential health risks.

3.2.2. Methods Based on Particle Determination

The best-known methods used in the laboratory for MP/NP identification based on
particle determination are FTIR [16,119,121,124], µ-FTIR [62,115], µ-Raman [116,123,125],
SERS [130], SEM [65] and DLS [88]. An LDIR chemical imaging system is also a useful
analytical tool based on the µ-FTIR technique for detection of the number of MPs, polymer
types and sizes of MPs in the case of diameters > 20 µm [118,126].
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An interesting review on the statistics of MP presence in drinking water sources,
published in 2020, reported an average concentration of MPs in conventional water sources
of 2.2 × 103 items/m3, with an identified particle size usually > 50 µm [86].

Pivokonsky et al. [16] studied the removal capacity of plastic particles at three DWTPs
and their concentrations in treated water. Plastic fragments and fibers were the most
common shapes found in drinking water. These fragments are supposed to occur in
drinking water during the breakdown of macroplastics, while fibers could be supplied
from the discharge of washing machines into sewage waters.

The aggregation of positively charged PS NPs with a diameter of 15 nm and a specific
surface area of 40–60 m2/g at a concentration of 10 mg/L introduced into three types of
commercial bottled mineral waters was observed at a point of zero charge (pzc), pHpzc of
9.9 ± 0.1 [88]. Positively charged PS NPs have been reported to be difficult to coagulate
and remove from surface and mineral drinking waters [88].

Various treatments applied in DWTPs, as well as different analytical tools and geo-
graphic location, led to different concentrations of MPs. µ-FTIR spectroscopy is a suitable
technique for the identification and classification of MPs, with sizes ranging between 25
and 500 µm [62]. Microplastics, such as PE, followed by PS, and PET, were identified
using µ-FTIR in 17 out of 30 samples [62]. In treatment sludge from a DWTP (Germany),
a volume of 1000 m3 raw water intake was analyzed by µ-Raman spectroscopy to detect
the abundance and type of MPs with sizes > 50 µm over a period of 3 h. A figure of
196 ± 42 MPs/m3 was found [116]. Similar concentrations (338–628 MPs/L) were reported
from another three DWTPs by using FTIR and Raman spectroscopy [16]. µ-Raman and SEM
allowed the detection of 6614 ± 1132 particles/L, from which the predominant types were
PET, PE, PP, polyacrylamide (PAM), PS and PVC [68]. Interesting was the presence of PAM
MPs in the treated water, denoting its use in the removal of suspended particles. However,
it is considered that the product derived from PAM is more toxic than to polymers and the
dosage of PAM should be according to the regulations in force [83]. Small concentrations of
MPs were detected by using LDIR and optical microscopy techniques at various stages of a
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DWTP (2 MPs/L) [118], purification and density separation followed by FTIR and SEM
revealing concentrations of 0.022–0.051 MPs/L [119]. Additionally, µ-FTIR coupled with
an FPA detector detected 0.7 MPs/m3 [115].

The concentration of MPs in water can vary depending on the source and treatment
processes. Tong et al. [117] conducted a study in which particles larger than 300 µm were
found in 38 tap water samples. Fragments were found to be the most common morphotype
in most tap water samples, followed by fibers and spheres. Plastic particles found in tap
water may originate from the use of PE and PP in pipes used for distributing drinking
water. It is possible that the water treatment process does not effectively remove or break
down larger particles. A comparative study addressing the amount of MPs detected in
DWTPs and tap waters showed high concentrations of MPs in tap waters compared to the
levels found in DWTPs [119], implying the possible release of MPs from plastic pipes.

According to the research conducted by Zhang et al. [17], 81% of MPs were found in
159 samples of tap water, while 93% of MPs were detected in 259 samples of bottled drinking
water from 11 different brands. MPs/NPs can contaminate bottled drinking water when the
screw cap is opened and closed [101,123] or due to degradation compounds associated with
PET [122]. The larger plastic particles found in bottled drinking water, compared to those
found in tap water, are attributed to the types of material used for the bottles and caps [16].
For example, the opening of a plastic bottle can produce 0.46–250 MP particles/cm [140].
Weisser et al. [124] also found that 81% of MPs detected in bottled drinking water were
attributed to abrasion of the PE-based cap sealing material. Thick-necked plastic bottles
were found to release more MPs than thin-necked glass bottles [126]. Plastic food packaging
is also a considerable source of the release of MPs/NPs [22,50,110,141]. On average, isolated
MPs weighing 3 mg to 38 mg were detected in each consumer plastic food container [141].

The dimension of plastic particles detected in bottled drinking water varies from 58
to 255 nm [121], 66–605 nm [122], and ≥11 µm [124]. In a remarkable study conducted
by Oßmann et al. [125], plastic particles < 5 µm in size were identified in water packaged
in single-use PET, reusable PET and glass bottles. The MPs found in glass bottles were
explained based on the age of the bottle. The authors prepared the water samples for
µ-Raman spectroscopy analysis by mixing an equimolar amount of 250 g/L ethylenedi-
aminetetraacetic acid tetrasodium salt (EDTA) corresponding to Ca2+ and Mg2+ ions in
water with the water sample, for 15 min, by adding 3 mL of 100 g/L sodium dodecyl sulfate
(SDS), then vacuum filtration through an aluminum-coated PC membrane filter with pore
size of 0.4 µm. Of interest is the high concentration of 384 ± 468 MPs/L found in the blank
sample, in which PP, PS, PE and PET were identified.

Single-particle extinction and scattering (SPES) determines the number and size distri-
bution of particles. Quantitative and qualitative analyses of NPs released in drinking water
plastic bottles under realistic conditions show that the PE sealing of the bottles released
particles with a size distribution ranging from several hundreds of nanometers to about
1 µm, and estimated a mass release in the order of a few tenths of nanograms per open-
ing/closing cycle [123]. The physicochemical characteristics of the produced secondary
NPs were influenced by mechanical stress, making their identification difficult. The combi-
nation of SPES and µ-Raman represents the minimum set of techniques required for the
application of NP quantification and identification methodologies in simple matrices, such
as drinking water. The size distribution of NPs released from a package measured using the
SPES technique showed 10–90% distribution for population A of D10_A = 0.38 ± 0.03 µm
and D90_A = 1.04 ± 0.14 µm, respectively [123] (Figure 4).

A novel qualitative characterization of PET MPs derived from PET bottled water was
proposed by Asamoah et al. [142], who analyzed the optical surface roughness together
with the speckle contrast of the rough MPs. The use of an optical sensor prototype to detect
the flat, nearly flat, curved, and rough MPs prepared from commercial PET plastic and
PET bottles in water is promising for the development of a portable optical sensor capable
of real-time detection of MPs and NPs in an aqueous environment. The optical behavior
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evaluated by specular reflection technique detected the residence time of MPs in water, the
rate of pollutant adsorption, as well as the hydrodynamics and aerodynamics of MPs.
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calculated from SPES histograms [123].

Overall, these methods based on particle determination provide valuable information
for identifying and quantifying MPs and NPs in drinking water. However, it is important
to use multiple analytical techniques and to validate the results with other methods to
ensure accurate and reliable identification.

3.3. Potential Toxicological Effects of Micro- and Nanoplastics from Drinking Water Sources on
Human Health

Assessing the clear health effects of MPs/NPs on marine organisms and humans
is a huge challenge among researchers [64,79]. The potential human health risks posed
by exposure to MPs and NPs are continuously explored, but few published papers have
been related to direct human health effects. Most research reports have involved animal
studies, mathematical modeling or in vitro cell culture, so there is still a lack of data on
direct human exposure and effects.

Since the existence of MPs and NPs has been proven in food, water, air and consumer
products, human exposure to MPs/NPs can occur through ingestion (primary route), in-
halation and dermal contact [143]. MPs/NPs could be initially ingested by marine species
(lower trophic levels) and further bioaccumulate, potentially leading to human exposure.
The existence of MPs and NPs in organisms can cause oxidative stress, cytotoxicity, neuro-
toxicity, inflammatory lesions, increased uptake or translocation, metabolic disturbances,
reproductive issues and increased cancer risk in humans [144]. Health risks depend on the
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concentration, exposure period, route of exposure and the physicochemical properties of
the particles [66].

The entrance of MPs and NPs into the human body could additionally involve the
introduction of other associated substances incorporated into plastics, such as plasticizers,
stabilizers, opacifiers, flame retardants, antistatic, conductive or medical additives or sub-
stances considered endocrine disruptors [145], which can migrate from the matrix due to
depolymerization and leaching processes, leading to possible cytotoxicity and inflammatory
response. A study performed by Tisler and Christensen [146] on reusable plastic (PE and
biodegradable PE) and glass sport bottles revealed the migration of >400 plastic-related
compounds over 24 h into drinking water, among which plasticizers, antioxidants, and
photoinitiators were predominant. Among the toxic chemical additives potentially exist-
ing in MPs/NPs that impose high concern for human health are phthalates, bisphenol
A (BPA), brominated flame retardants (BFR), triclosan, bisphenone and organotins [147].
BPA is an important chemical used as a monomer for PC [148], antioxidant or plasti-
cizer in PP, PE, PVC, epoxy resins and coating used to line the packaging of food and
beverage cans [149,150]. It has been reported that BPA migrates out of PC, epoxy resins and
other consumer plastics [151] and may contaminate food products and drinks [152,153],
producing adverse effects on human health, such as liver and pancreatic function alterna-
tion and respective changes in insulin resistance. BPA leaching also affects the development
of offspring in the wombs of pregnant women, causing issues with brain function [154,155]
and inhibiting thyroid hormone-mediated transcription by acting as an antagonist [156].
Some authors reported the onset of obesity and cardiovascular disease [157,158].

In respect to the simultaneous assessment of three surfactants, 4-nonylphenol (4-NP),
BPA, and triclosan (TCS) in bottled water, the data show that an adult can ingest 340 ng/day
of 4-nonylphenol (4-NP), 165 ng/day of BPA and 7 ng/day of TCS [148]. While 4-NP can
come from HDPE and PVC containers, BPA can come from PC baby bottles and TCS is
widely used as a preservative and antimicrobial agent in personal care products [159]. An
adult could ingest 1410 ng/day of 4-NP, 148 ng/day of BPA, and 10 ng/day of TCS when
drinking tap water [148]. Daily BPA intake for infants was three times higher than that for
adults [148]. According to Directive 2011/8/EU, the import of PC bottles from countries
outside of the European Union was prohibited from 1 June 2011, and a total ban on the
use of BPA for manufacturing baby bottles was introduced in the European Union on
1 March 2011 [151].

While BPA is not intentionally added during the manufacturing of PET bottles, studies
have suggested that the bottle cap, recycled PET or exposure to heat and ultraviolet
radiation could lead to its release in water [160]. Another study reported the presence of
BPA in PET bottled drinking water, and leaching increased with temperature [151]. For PC
bottles exposed to hot water, an increase in the rate of BPA migration up to 55-fold was
observed [155]. While there is not a significant risk to human health from exposure to BPA
in drinking water, attention should be paid to the cumulative daily dose in the body.

Phthalate esters are employed as plasticizers to improve the flexibility of various plastic
materials, much used in manufacturing PVC and plastisol [161] and PET bottles [162]. The
potential harmful effects of phthalate esters on human health consist in abnormal sexual
development and birth defects [163], while they have also been reported to induce adverse
cellular changes in fish [147]. The presence of 17 phthalate esters was reported in drinking
water stored in PET bottles without any threat to human health [162]. In other study [164],
the phthalate ester identification was assigned to cross-contamination from the laboratory.
However, it is recommended that an investigation into the additives released from water
plastic bottles from a toxicological perspective should be carried out over the long term.

According to the results of in vitro tests on marine species, MPs have been shown to
accumulate in the gills, stomach, and metabolic organs of crabs [165].

MPs larger than 10 µm are unlikely to be transported through an intact intestinal
barrier [7,166]. In this regard, Gao et al. [131] suggested that PET NPs produced by
mechanical action on bottled water could not be identified in the liver, spleen, lungs, or
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kidneys of mice, which indicates that they cannot penetrate the intestinal barriers when
injected intravenously.

Animal model studies reported the accumulation of NPs in the placenta [167]. Aghaei
et al. [74] were the first authors to demonstrate that the MPs and NPs in drinking water
pose risks to human pregnancies in late gestation. After exposing fetuses to PS both as
MPs and NPs with sizes of 5 µm and 50 nm, respectively, in a concentration of 106 ng/L, a
12% decrease in fetal weight was observed. However, the risks to embryo–fetal develop-
ment associated with unintended ingestion of MPs/NPs require extended investigations.

Once they enter the body, MPs might translocate to distant tissues through the
circulatory system, causing a systemic inflammatory response, blood cell cytotoxicity
through internalization [168], pulmonary hypertension [169], vascular inflammation or
occlusions [170], and decreased organ function, as well as an increased risk of neoplasm
due to deoxyribonucleic acid (DNA) damage [171].

In another paper, the ability to induce reactive oxygen species (ROS) and DNA dam-
age were evaluated after the exposure of two human lymphoblastic cell lines to PET NPs
removed from drinking water bottles [139]. Preliminary research revealed cellular up-
take, but without the induction of significant biological effects, and thus no potential
health hazard.

On the contrary, Ji et al. [172] demonstrated that the size of PET NPs (20 nm, 60–80 nm,
and 800 nm) obtained by a process of mechanical breakdown and dispersing agents (SDS
and bovine serum albumin (BSA)) used for NP stabilization has an important role in in vivo
toxicity studies. Thus, PET pieces cut from mineral water bottles have been shown to affect
the hatching rate, heart rate, and ROS generation in the development of zebra fish. The
BSA-dispersing agent was found to induce a higher level in heart rate abnormalities and
more severe oxidative damage from the PET NPs than SDS.

Cell damage caused by extrinsic toxic plastic materials can be evaluated by some typi-
cal examinations, such as rupture of the cellular membrane by strong positive charge [173],
interference with DNA synthesis, or organelle activities after uptake [174], resulting in cell
death due to necrosis or apoptosis [175]. Choi et al. [175] examined the in vitro toxicity of
PE MPs of different shapes and sizes, such as 1–100 µm for HDPE and ranging between
25–75 µm and 75–200 µm for LDPE, on cultured cells, including immune cells (human
mast cells [HMC-1], peripheral blood mononuclear cells [PBMCs], red blood cells [RBCs],
rat basophilic leukemia cells [RBL-2H3]), non-immune cells (cervical cancer cells [HeLa]),
and human dermal fibroblasts [HDFs]. Their results showed that the HDPE particles with
relatively smooth surfaces did not produce significant cytotoxicity in cells, but induced an
immune response in PBMCs and enhanced PBMC differentiation, while the LDPE particles
with sharp edges (higher curvature change) caused increased cytotoxicity under direct
cell–microplastic interaction, inflammatory response, hemolysis, and ROS production at
high concentrations (Figure 5).

Magri et al. [176] mentioned that combining of alternative methodologies, such as
metabolomics, with standard biological assays (i.e., cell viability and ROS production) is an
important approach to acquire preliminary valuable information on cellular metabolism to
facilitate the prediction of potential effects of plastic NPs on human health. Metabolomics
is a powerful tool for studying cellular metabolism and can be used to identify changes
in metabolite levels in response to exposure to plastic NPs. The authors used pulsed-
laser ablation of solid PET films in water to form PET NPs (size distribution in the range
of 10 and 80 nm) of similar surface and shape irregularity, broad size distribution, and
chemistry to those of particles in the environment [104]. They found a binding capacity of
about 3% w/w NPs for PET NPs with levofloxacin, an antibiotic defined as an emerging
contaminant in aqueous environments and demonstrated that these nanoclusters are not
toxic to heterogeneous human epithelial colorectal adenocarcinoma cells (Caco-2) in the
short term, but affect the cells metabolism as a compensatory response to oxidative stress,
suggesting long-term risks.
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The cytotoxicity of PE and PS MPs was evaluated in vitro in cell lines T98G and HeLa
(cerebral and epithelial human cells) exposed for 24–48 h to different contaminant levels
of 10 ng/mL to 10 µg/mL under the same conditions [177]. Oxidative stress explains the
toxicity of PE and PS MPs at the cell level, being significant in the case of PE MPs for T98G;
however, PS showed higher ROS generation in both cell lines.

The effect of engineered aminated PS NPs (model particles) on human liver HepG2
hepatocytes was investigated by Banerjee et al. [178]. They found that the uptake of
NPs with sizes of 50 or 100 nm by HepG2 liver cells was higher than 1000 nm particles.
Additionally, short-term exposure to aminated PS NPs resulted in cell toxicity, while those
with sizes between 500–5000 nm induced apoptosis [178].

Organic matter found in commercial drinking water was analyzed by various ana-
lytical methods, such as solid residues, after freeze-drying treatment of drinking water,
using analytical methods including dry ash, centrifugation, Raman analysis, and electron
microscopy [179]. The study found a concentration of 0.25–2.0 mg/L organic matter. It
was proved that the stress applied to the plastic bottle did not significantly increase the
concentration of organic matter within one month, and the organic matter did not affect
the viability of human intestinal cells [179]. However, the study suggested that prolonged
exposure to nanoscale material in drinking water could potentially lead to the accumulation
of NOM in the human body over time.

The potential toxicological effects on test organisms, as well as the use of biodegradable
MPs as vector for other chemical pollutants and microorganisms, have been reported [43].
However, there is a serious concern regarding the management of bioplastics and MP
contamination, particularly with regard to fragmentation, degradability, and toxicity, and
their interaction with other chemical contaminants present in aqueous media [41]. Since
most MPs/NPs are hardly biodegradable or non-biodegradable, they clearly remain intact
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inside the living organisms for a long time. The prolonged exposure of the human or other
organisms to MPs/NPs may lead to chronic irritation, inflammation, cellular proliferation,
and necrosis, and may compromise immune cells [144,180].

Comprehensive studies are needed to establish a clear health-risk assessment for
exposure to MPs and NPs, as it is fundamental to set the reference method of investigation
to monitor each source of human intake.

4. Conclusions and Future Perspective

The removal efficiency of MPs/NPs from drinking water treatment plants varies
depending on the treatment processes applied. The size of MPs detected in DWTPs ranges
from 1.2 µm to 2000 µm. Most studies on MPs/NPs have focused on investigating PS NPs
models due to their prevalence as debris in water. However, further analytical development
is required to monitor real NPs that have been isolated and/or preconcentrated from more
complex matrices. Few studies have reported the detection of NPs present in drinking water
bottles. A standard that is kept under the same conditions as drinking water is needed
to quantify the concentration of NPs in drinking water. Additionally, studies should also
investigate the interaction between NPs and other sources, such as food.

In the future, the amount of MPs/NPs in tap water and bottled drinking water are esti-
mated to unfortunately expand as a consequence of the continued degradation and fragmen-
tation of plastics in the environment. The manufacturing technology of reusable drinking
bottles (PET, glass) should be carefully examined to decrease the concentration of MPs/NPs
in the water packaged in the respective containers. The European Chemicals Agency
(ECHA) has proposed far-reaching restrictions on the use of MPs in products marketed
in the EU to reduce their release into the environment, as a part of the circular economy
plan [35]. The risks associated with MP/NP pollution derived from drinking water sources
should be mitigated by applying legal, technical, and social measures [6–8,30,63,73,132],
such as:

• setting sampling and monitoring standards for MPs/NPs
• reducing the production of non-biodegradable plastic items
• reducing single-use plastic
• implementing the circular economy using biodegradable plastic items
• using the “refuse, reduce, reuse, and recycle” concept
• innovation for plastics that do not need reusable, recyclable, or compostable materials
• total removal of MPs/NPs from DWTPs
• designing innovative packaging technologies to unscrew bottle caps in other ways,

such as easy-to-open caps
• the use of bio-inspired technology related to biomimetics involving the design of

advanced systems or devices inspired by nature, where principles from interdisci-
plinary fields such as engineering, chemistry and biology are applied to the devel-
opment of materials, synthetic systems or instruments with functions that mimic
biological processes [181]

• raising people’s awareness of the toxicological effects of MPs/NPs.

In addition to improving multiple interventions and management to prevent the
release of plastic related to the removal of MPs/NPs from water infrastructure, other
effective measures are necessary to eliminate MPs/NPs directly at the source. A green
prevention technology was proposed by the GoJelly Project, which developed a prototype
microplastics filter for commercial and public use, employing jellyfish mucus as the main
raw material [182]. The use of special household water systems, such as Lint LUV-R and
Showerloop, is effective in filtering out microfibers at the domestic level [182]. Synthetic
fibers could also be captured in the washing machine by means of laundry balls, such as
Cora Ball and Fibre Free [183].

Research is still needed to establish an acceptable upper limit for the concentration of
various NPs in drinking water through toxicity assessment, unification of various analytical
protocols for NP/MP identification and development of testing standards. In the meantime,
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it should not be assumed that any level is safe. Toxicity assessment of various MP and
NP types of different chemical composition, size and shape should be studied promptly
to evaluate concerns regarding human exposure to these particles. Extensive studies are
required to establish an explicit health-risk assessment for exposure to MPs and NPs, as a
clear distinction of plastic particles entering the human body from different sources (water,
air, food, drugs, skin) cannot be achieved. Awareness of MP/NP pollution of drinking water
sources should increase among European regulatory bodies, decision-makers, practitioners
and researchers.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/polym15112425/s1. Table S1: Physicochemical methods
used to remove MPs/NPs from drinking water.
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List of Acronyms and Abbreviations

MPs microplastics
NPs nanoplastics
DWTPs drinking water treatment plants
Pyr-GC/MS pyrolysis–gas chromatography–mass spectrometry
RAC Committee for Risk Assessment
SEAC Committee for Socio-Economic Analysis
EPS extracellular polymers
PFAS per- and polyfluoroalkyl substances
WHO World Health Organization
ATSDR Agency for Toxic Substances and Disease Registry
PS polystyrene
PVC polyvinyl chloride
CFS coagulation–flocculation–sedimentation
TD-PTR/MS thermal desorption–proton transfer reaction–mass spectrometry
µ-FTIR micro-Fourier-transform infrared spectroscopy
µ-Raman micro-Raman
TD-GC/MS thermal desorption–gas chromatography–mass spectrometry
SP-ICP-MS single particle inductively coupled plasma mass spectroscopy
SERS surface-enhanced Raman spectroscopy
ICP-MS inductively coupled plasma mass spectroscopy
MALDI-ToF/MS matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
DLS dynamic light scattering
SEM-EDX scanning electron microscopy–energy-dispersive X-ray spectroscopy
TEM transmission electron microscopy
PET polyethylene terephthalate
NOM natural organic matter
polyDADMAC diallyldimethylammonium chloride
PE polyethylene
PACl polyaluminum chloride
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Al2(SO4)3 aluminum sulfate
AlCl3 aluminum chloride
FeCl3 iron chloride
NaHCO3 sodium bicarbonate
PC polyamine-coated
ER elongated-rough
ES elongated-smooth
SR spherical-rough
SS spherical-smooth
GAC granular activated carbon
Pd palladium
DOM dissolved organic matter
IONPs iron oxide nanoparticles
LOQ limit of quantification
AF4 asymmetric flow field flow fractionation
DLS-MADLS multiangle and dynamic light scattering
PA polyamide
PU polyurethane
HDPE high-density polyethylene
POU three point-of-use
IX ion exchange
MF microfiltration
PVC polyvinyl chloride
LDPE low-density polyethylene
DAF dissolved air flotation
SAN styrene acrylonitrile
PES polyester
PPS polyphenylene sulfite
FPA focal plane array
TFU tangential flow ultrafiltration
LOD limit of detection
EvOH ethylene vinyl alcohol
LDIR laser direct infrared
PC polycarbonate
AFM-IR atomic force microscope-infrared spectroscopy
ATR-FTIR attenuated total reflectance Fourier-transform infrared spectroscopy
NWERS nanowell-enhanced Raman spectroscopy
ILs ionic liquids
PAM polyacrylamide
EDTA ethylenediaminetetraacetic acid tetrasodium salt
SDS sodium dodecyl sulfate
BPA bisphenol A
BFR brominated flame retardants
4-NP 4-nonylphenol
TCS triclosan
DNA deoxyribonucleic acid
ROS reactive oxygen species
BSA bovine serum albumin
HMC-1 human mast cells
PBMCs peripheral blood mononuclear cells
RBCs red blood cells
RBL-2H3 rat basophilic leukemia cells
HeLa cervical cancer cells
HDFs human dermal fibroblasts
Caco-2 human epithelial colorectal adenocarcinoma cells
ECHA European Chemicals Agency
PAN poly(acrylonitrile)
PMMA poly(methyl methacrylate)
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PVA poly(vinyl alcohol)
PEVA ethylene (vinyl acetate) copolymer
AC activated carbon
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Abstract: In this paper, four different kinds of diols were used for the alcoholysis of waste thermo-
plastic polyurethane elastomers. The recycled polyether polyols were used to prepare regenerated
thermosetting polyurethane rigid foam through one-step foaming. We used four different kinds
of alcoholysis agents, according to different proportions of the complex, and we combined them
with an alkali metal catalyst (KOH) to trigger the catalytic cleavage of the carbamate bonds in the
waste polyurethane elastomers. The effects of the different types and different chain lengths of the
alcoholysis agents on the degradation of the waste polyurethane elastomers and the preparation
of regenerated polyurethane rigid foam were studied. Based on the viscosity, GPC, FT-IR, foaming
time and compression strength, water absorption, TG, apparent density, and thermal conductivity of
the recycled polyurethane foam, eight groups of optimal components were selected and discussed.
The results showed that the viscosity of the recovered biodegradable materials was between 485
and 1200 mPa·s. The hard foam of the regenerated polyurethane was prepared using biodegradable
materials instead of commercially available polyether polyols, and its compressive strength was
between 0.131 and 0.176 MPa. The water absorption rate ranged from 0.7265 to 1.9923%. The apparent
density of the foam was between 0.0303 and 0.0403 kg/m3. The thermal conductivity ranged from
0.0151 to 0.0202 W/(m·K). A large number of experimental results showed that the degradation
of the waste polyurethane elastomers by the alcoholysis agents was successful. The thermoplastic
polyurethane elastomers can not only be reconstructed, but they can also be degraded by alcoholysis
to produce regenerated polyurethane rigid foam.

Keywords: waste polyurethane elastomer; degradation and recovery; glycolysis; diols; regenerated
polyurethane foam

1. Introduction

Plastic is an indispensable material in our lives [1,2]. As a part of plastics, polyurethane
(PU) has been rapidly developed in household goods, the construction industry, daily ne-
cessities, the transportation industry, household appliances, and other fields since its
emergence [3–5]. PU can be used to prepare soft polyurethane foam, hard polyurethane
foam, polyurethane elastomers, coatings, adhesives, and other products [6] which are
deeply loved by people. Thermoplastic polyurethane elastomers, with their excellent prop-
erties and wide application, have become important thermoplastic elastomer materials
whose molecules are largely linear, with no or little chemical cross-linking [7,8]. There
are many physical cross-links formed by hydrogen bonds between linear polyurethane
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molecular chains, which strengthen the material’s form and endow it with many excellent
properties, such as a high modulus, high strength, and excellent wear resistance, chemical
resistance, hydrolysis resistance, high and low temperature resistance, and mold resis-
tance [9–14]. With the wide application of polyurethane elastomers in various industries,
the global production and consumption of polyurethane have been increasing year over
year at an amazing speed [15]. At the same time, under such tremendous consumption,
polyurethane elastomer waste has caused serious environmental pollution and resource
waste. With the implementation of the global concept of environmental protection and
sustainable development, the recycling and sustainable utilization of polyurethane waste
has become a global issue [16].

For the recycling and sustainable development of polyurethane waste, landfill and
incineration were primarily used in the beginning of its development, but the pollution
of land caused by landfill is immeasurable. Although incineration is better than a landfill
as it does not occupy land resources, the carbon dioxide and other gases generated by
incineration cause a serious burden on the atmospheric protective layer [17,18], and people’s
awareness of environmental protection and legal restrictions relating to polyurethane
waste have caused its disposal via landfills and incineration to be banned. Due to its
three-dimensional network structure [19], in recent years, various recycling methods for
polyurethane waste have been studied, including the mechanical method, pyrolysis method,
microbial method, and chemical recovery method [20,21]. Among the many recycling
methods, chemical recycling can effectively break the carbamate bond in the chain segment
of polyurethane waste so as to obtain valuable small molecular monomers for sustainable
use [22,23]. Therefore, this method has been recognized by many scholars.

Among the many chemical recovery methods, alcoholysis has been favored for advan-
tages such as green environmental protection, low energy consumption, less impurities in the
recycled materials, and directional bond-breaking by catalysts [24,25]. In this paper, different
types of small molecule diols were used for the combination ratio to study the degradation
and recycling of used polyurethane elastomers. Alcoholysis agents with different ratios
successfully degraded the used polyurethane elastomers into small molecule alcohols, and
recycled polyurethane rigid foam was successfully prepared by using the small molecule
alcohols obtained from the degradation and recovery of the elastomers. The effects of different
types of alcoholysis agents on the degradation of polyurethane elastomers were studied,
and they have provided certain reference significance for the selection of alcohols and the
combination of two components in the degradation of polyurethane elastomers.

2. Materials and Methods
2.1. Materials and Reagents

The reagents used in this experiment are shown in Table 1.

Table 1. Raw materials of the paper experiment.

Reagent Name The Purity Factory of Production

Waste polyurethane elastomer Industrial waste Shanghai Hecheng Polymer Material Co., Ltd.
Ethylene glycol (EG) AR Tianjin Chemical Reagent Factory 1
1,2-Propanediol (PG) AR Tianjin Chemical Reagent Factory 1

Butane-1,4-diol (BDO) AR Tianjin Kaitong Chemical Reagent Co., Ltd.
Diethylene glycol (DEG) AR China Pharmaceutical Guangzhou Chemical Reagent Company

Potassium hydroxide (KOH) AR Tianjin Tianli Chemical Reagent Co., Ltd.
Silicone oil stabilizer CP Guangzhou Feirui Chemical Co., LRD

TEA AR Shanghai Demao Chemical Co., Ltd.
Dibutyltin dilaurate AR Shanghai Jieer Technology Co., Ltd.

Foaming agent CP Shenzhen Huachang Chemical Co., Ltd.
Polyether 4110 CP Shandong Lianhaoyao New Material Co., Ltd.

Polyaryl polymethylene isocyanate (PAPI) CP Wuhan Fude Chemical Co., Ltd.

Note: Deionized water was used in all of the experiments.
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The equipment used in this experiment is shown in Table 2.

Table 2. Experimental equipment used in the paper.

Name of Instrument Model Factory of Production

Electronic analytical balance JA3003C Sartorius Scientific Instruments (Beijing) Co., Ltd.
Cantilever constant speed power electric mixer TJ-1200W Changzhou Huaao Instrument Manufacturing Co., Ltd.

Spherical reactor (1 L) ZNHW-200 Shanghai Leighton Industrial Co., Ltd
Digital blast drying oven WX881 Wujiang Weixin Electric Heating Equipment Co., Ltd.

Digital viscometer NDJ-5 Shanghai Pingxuan Scientific Instrument Co., Ltd.
Disposable plastic cup 350 mL Topu Daily Chemicals (China) Co., Ltd.

Constant temperature heating sleeve FDSG-420 Wuxi Huachang Chemical Co., Ltd.

2.2. Preparation of the Titanium Nanosystem Catalysts

In this experiment, four different alcoholysis agents were selected: butanediol, propylene
glycol, monodiethylene glycol, and ethylene glycol. Through the previous cumulative work in
the laboratory, the four alcoholysis agents were paired to form a two-component alcoholysis
agent, and the alcoholysis reaction was carried out on the waste polyurethane elastomer.
The specific ratios of the alcoholysis agents were: I = EG:PG (A1–A5); II = EG:BDO (B1–B5);
III = PG:BDO (C1–C5); IV = DEG:BDO (D1–D5); V = DEG:EG (E1–E5), and VI = DEG:PG
(F1–F5). The mass ratios of the alcoholysis agents were 40:40, 30:50, 50:30, 60:20, and 20:60.
Based on the above experimental design, the degradation steps for the waste polyurethane
elastomers were as follows (the process is also shown in Figure 1):

1. The waste polyurethane elastomer was cut and processed to 5–10 mm small sections.
2. We mixed 80 g small molecular alcohol and catalyst (KOH) and added them into a

1000 mL spherical reactor. We then placed the reactor in a heating jacket and stirred to
90 ◦C until the catalyst was completely dissolved.

3. We added 80 g of chopped waste polyurethane elastomer into the reactor and heated
it up to 180 ◦C. At that time, we accelerated the stirring speed and waited for the
polyurethane elastomer to dissolve, gently stirring for 0.5–1 h.

4. We stopped the reaction and cooled the mixture to room temperature before pouring
it into a disposable plastic cup.

5. The hydroxyl value and viscosity of the sample were measured, and the foaming
experiment was carried out after the value had reached the standard.

6. We took a certain amount of alcoholysis products and added the catalyst, foaming
agent, and surfactant, stirring the mixture evenly. Then, we added polyphenyl poly-
methylene polyisocyanate (PAPI) at a ratio of 1:1 and immediately stirred with a
high-speed mixer for 10 s until the mixture was uniform, and we waited for the foam
to slowly form.

7. The sample preparation and testing could then be carried out on the regenerated
polyurethane hard foam, which was to be prepared after curing and cross-linking for
24 h.

2.3. Performance Test and Structural Characterization of the Polyurethane Rigid Foam

Viscosity analysis: An NDJ-5S digital viscometer was used for the viscosity testing.
A number of degradation products were taken and placed in the container and a suitable
rotor was selected, as well as a suitable rotational speed, and the viscosity testing was
carried out at 25 ◦C.

Compression strength test: With reference to the GB/T8813-2008 test standard, we
selected a sample size of 50 mm × 50 mm × 50 mm and we used an EFS-24RE universal
testing machine for the compression strength test.
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Water absorption test: With reference to the GB/T8810-1988 test standard, the sample
size was 50 mm × 10 mm × 10 mm, and we used distilled water to determine the water ab-
sorption, weighing the mass of the sample before and after immersion, and then calculated
its water absorption.

Hydroxyl value determination: With reference to the GB/T12008.3-2009 standard, we took
an appropriate amount of oligomeric regenerated polyether polyol in 10 mL conical flasks and
we used ester anhydride method—pyridine for the hydroxyl value determination.

Thermal conductivity analysis: With reference to the QB/T3806-1999 standard, the
sample size was 200 mm × 200 mm × 20 mm, and we used a FEHC-S thermal conductivity
tester acquired from Changzhou Hua’ao Instrument Manufacturing Co., Changzhou, China.

SEM analysis: We cut the regenerated polyurethane rigid foam specimens into ap-
propriate thin slices (we did not squeeze them), and then we used SEM to observe the
microstructures of the bubble pores of the foam (magnified 20 times) and identify the clear,
complete, and uniform areas of the bubble pore structures for observation. We recorded
the observation results.

FT-IR test: A GR-285 IR produced by Dalian Precision Scientific Instruments Co., Ltd.,
Dalian, China was used to analyze the structures of the foam samples. The samples were
made using the KBr pressing method, and the test wavelength range was 500–4000 cm−1.

TG analysis: TG analysis was performed by using TG under a nitrogen atmosphere at a
rate of 30 ◦C/min, from room temperature (25 ◦C) to 500 ◦C. The gas flow rate was selected
to be 50 mL/min, the carrier gas was air, and alumina was used as a reference object.

Determination of molecular weight distribution coefficient: The molecular weight dis-
tribution of the regenerated polyether polyol was determined by gel permeation chromatog-
raphy (GPC). The measurements were performed using a thermal scientific chromatograph
equipped with an isocratic DionexUltra3000 pump and a RefrtoMax521 refractive index
detector. The separations were performed in four Phenomenex Phenogel GPC columns
with a separation temperature of 30 ◦C, a particle size of 5 µm, and porosities of 105, 103,
102, and 50, respectively, located in an ultimate thermostatic column at 3000 ◦C. The mobile
phase was tetrahydrofuran (THF) at a flow rate of 1 mL·min−1. The samples were first
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dissolved with N, N—Dimethylformamide (DMF), followed by 1.6 wt.% THF, and then
filtered through a nylon filter with a pore size of 2 mm and prepared for use.

3. Results and Discussion
3.1. Degradation Mechanism of the Waste Polyurethane Elastomers

Under the action of the two-component alcohols and catalysts, the carbamate in the
chain segment of the polyurethane elastomer was broken and replaced by small molecular
alcohol chains to generate polyether polyols [26,27]. The main reaction is:

R1-NHCOO-R2 + HO-R3-OH→ R1-NHCOO-R3-OH + R2-OH (1)

R1-NHCOO-R3-OH→ R1-NH-R3-OH + CO2 (2)

Under the condition of a high temperature reaction, there will be many groups in-
volved in the reaction, and many side reactions will occur. The primary side reactions are
the urea group fracture in the alcoholysis agent, which generates small molecules of amines
and small molecules of alcohols [28]. The specific reactions are as follows:

R1-NHCONH-R2 + HO-R3-OH→ R1-NHCOO-R3-OH + R2-NH2 (3)

Taking DEG and BDO alcoholysis agents as an example, under the catalysis of an
alkaline catalyst (KOH) at a high temperature in the reaction reactor, the used polyurethane
elastomer and the alcoholysis agent broke and were replaced by the alcoholysis agent,
thus generating polyether polyols [29]. The specific reaction mechanism is shown in the
following (Figure 2):
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3.2. Small Molecular Alcohol Is Degraded and Foamed

The purpose of this study was to explore the route of industrialization such that differ-
ent types of two-component alcohols could be compared so as to select the optimal ratio
of alcoholysis agents based on the viscosity of the degradation material, the compression
strength, the thermal conductivity of the prepared regenerated polyurethane rigid foam,
and the properties of the milky white time and gel time in the foam. According to the
experimental data, the data corresponding to the eight groups of optimal components are
shown in Tables 3 and 4.

Table 3. Statistical table of the best component degradation materials of the eight groups of alcoholy-
sis agents.

Number Proportion Viscosity (mPa·s) Proportion of Catalyst Wire Drawing Time (s) Debonding Time (s)

A5 50:30 605.1 - 60 25
B1 40:40 992.4 1:2 37 20
B4 20:60 692.5 2:2 60 70

B5 60:20 660.2
1:1 45 75
1:2 34 64

C1 40:40 750.6
- 67 45

1:1 50 46
2:1 46 50

C4 60:20 555.0
- 67 29

1:1 48 19

D1 40:40 1208.4
1:1 56 32
2:2 21 22

E3 60:20 484.2 2:2 74 66

Table 4. Statistical table of the hard foam data of the eight groups of alcoholysis agents with the
best components.

Number Proportion Density
(Kg·m−3)

Water Absorption
Rate (%)

Strength of
Compression (MPa)

Coefficient of Thermal
Conductivity
(W·(m·K)−1)

A5 50:30 0.0399 1.9923 0.131 0.0180
B1 40:40 0.0335 1.6748 0.137 0.0173
B4 20:60 0.0312 1.5339 0.132 0.0202

B5 60:20
0.0328 0.8853 0.146 0.0191
0.0397 1.0561 0.138 0.0182

C1 40:40
0.0347 1.1618 0.133 0.0180
0.0303 1.2980 0.139 0.0182
0.0366 1.2802 0.143 0.0173

C4 60:20
0.0340 0.8976 0.143 0.0174
0.0359 0.7265 0.162 0.0166

D1 40:40
0.0362 0.9368 0.136 0.0164
0.0403 0.7630 0.176 0.0151

E3 60:20 0.0325 1.0157 0.141 0.0155

3.3. FT-IR Analysis of the Degradation Materials

Three groups (B5, C4, and D1) were selected from the eight optimal components. FT-IR
was used to identify the degradation products in the glycolysis process, and the infrared
spectroscopy was compared with commercially available polyether polyol 4110. The results
are shown in Figure 3.
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Compared with commercially available polyether 4110, the degradation products
of B5, C4, and D1 had stronger absorption bands within 3500–3300 cm−1, which are
the stretching vibration peaks of the alcohol hydroxyl group (-OH) [30]. There was a
strong absorption band near 1732–1708 cm−1, which is a benzene-type flood frequency
peak [31]. At 1054 cm−1, there was a clear strong absorption band, which was the polyether
polyurethane ether group (-O-) absorption band, and this is the characteristic peak of
polyether polyol [32,33], which is similar to the characteristic peak of commercially available
polyether polyol. It can be concluded that the degradation product was the mixed product
of polyether polyol and aromatic polyol. Therefore, the glycolysis product was expected
to be a substitute for commercially available polyether 4110 for the preparation of the
regenerated polyurethane foam.

3.4. Viscosity of Degradation Products

Polyether polyols are one of the most important raw materials for the synthesis of
polyurethane foam, and their properties have attracted extensive attention. Their main
properties are viscosity, hydroxyl value, acid value, etc. The viscosity of polyether polyols
can be intuitively observed and is reflected in the differences in their fluidity. The synthesis
of general polyurethane foam is optimized for polyether polyols with low viscosity and
good fluidity. In this paper, the viscosity of all the degradation materials prepared by alco-
holysis was less than 1700 mPa·s, while the viscosity of commercially available polyether
4110 is 4300–4500 mPa·s. Therefore, it could be seen that the degradation materials obtained
by the alcoholysis degradation of waste polyurethane elastomers had excellent fluidity.
The viscosity of the eight groups of degradation materials selected by the performance
test of the degradation materials and the recycled polyurethane foam ranged from 400 to
1200 mPa·s. For the degradation materials recovered from the same waste polyurethane
elastomer, the viscosity span was large because the alcoholysis agents used were different.
Under the condition of the same catalyst, raw materials, and experimental conditions,
the only element that may have affected the performance of the degradation materials
was the difference in the type and proportion of alcoholysis agent used in the process of
alcoholysis [34]. The length of the chain segment and the number and type of functional
groups (-OH, -O-) in the alcoholysis agent used are all important indicators that will affect
the final viscosity [35].

It can be clearly seen from the experimental data (Figure 4) that a longer chain segment
and more functional groups (-OH, -O-) led to a greater level of viscosity in the degradation
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material obtained after alcoholysis. This is because the longer the chain segment of the
small molecule alcohols was obtained after the carbamate in the chain segment of the
waste polyurethane elastomer was broken and reacted with the alcoholysis agent at high
temperature due to the longer the chain segment of the alcoholysis agent. Therefore, the
viscosity of the resulting degradation product would also increase. The higher the number
of functional groups of the alcoholysis agent, the denser the cross-linked network structure
of the carbamate grafted onto the alcoholysis chain segment after fracture, and thus, the
viscosity of the degradation product increased.
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3.5. GPC Determination of the Degradation Products

In this experiment, under the catalysis of an alkaline metal catalyst (KOH), the carba-
mate bond of the waste polyurethane elastomer gradually broke at a high temperature and
was replaced by alcoholysis agents, forming into small molecule polyether polyols. The
side reaction at high temperatures generated amines, TDA, and other substances. Due to
the poor solubility of the polyether polyols with the amines and TDA, the final degradation
material was divided into two layers [36,37], where the upper layer was comprised of
polyether polyols and the lower layer was comprised of amines, TDA, and other substances.
In the preparation process for the polyurethane foam, the recovered polyether polyols (up-
per phase) played an important role, but this study intended to recycle waste polyurethane
elastomers. Therefore, recycling as much as possible was what we needed to focus on.
In this study, although the product was divided into upper and lower layers, in order to
achieve higher recovery rates, we mixed the upper and lower layers evenly before foaming.
Therefore, the GPC measured was also a mixture of the upper and lower phases.

As shown in Figure 5, GPC analysis was performed on commercially available
polyether 4110 and on the recovered polyether polyol mixtures D1 and B5, respectively.
The primary component of commercially available polyether 4110 is polyether polyol, and
so it can be seen in the figure that D1, B5, and polyether 4110 had corresponding peaks in a,
while the peaks in b appeared in degradation materials D1 and B5. These can be attributed
to the amines, TDA, and other substances in the lower phase generated by the byproducts
of the high-temperature degradation.

119



Polymers 2023, 15, 1445

Polymers 2023, 15, x FOR PEER REVIEW 9 of 17 
 

 

3.5. GPC Determination of the Degradation Products 
In this experiment, under the catalysis of an alkaline metal catalyst (KOH), the car-

bamate bond of the waste polyurethane elastomer gradually broke at a high temperature 
and was replaced by alcoholysis agents, forming into small molecule polyether polyols. 
The side reaction at high temperatures generated amines, TDA, and other substances. Due 
to the poor solubility of the polyether polyols with the amines and TDA, the final degra-
dation material was divided into two layers [36,37], where the upper layer was comprised 
of polyether polyols and the lower layer was comprised of amines, TDA, and other sub-
stances. In the preparation process for the polyurethane foam, the recovered polyether 
polyols (upper phase) played an important role, but this study intended to recycle waste 
polyurethane elastomers. Therefore, recycling as much as possible was what we needed 
to focus on. In this study, although the product was divided into upper and lower layers, 
in order to achieve higher recovery rates, we mixed the upper and lower layers evenly 
before foaming. Therefore, the GPC measured was also a mixture of the upper and lower 
phases. 

As shown in Figure 5, GPC analysis was performed on commercially available poly-
ether 4110 and on the recovered polyether polyol mixtures D1 and B5, respectively. The 
primary component of commercially available polyether 4110 is polyether polyol, and so 
it can be seen in the figure that D1, B5, and polyether 4110 had corresponding peaks in a, 
while the peaks in b appeared in degradation materials D1 and B5. These can be attributed 
to the amines, TDA, and other substances in the lower phase generated by the byproducts 
of the high-temperature degradation. 

 
Figure 5. GPC chromatograms of D1 and B5 in the degradation products compared with those of 
polyether 4110. 

3.6. Foaming Time of the Regenerated PU Rigid Foam 
The preparation methods of polyurethane foam can be divided into one-step foaming 

and two-step foaming [38]. As the name implies, one-step foaming involves mixing poly-
ether polyols, catalysts (dibutyltin dilaurate and triethanolamine) [39,40], foaming agents, 
surfactants, and black materials and stirring, and the reaction and foaming occur at the 
same time. The hydroxyl in the polyether polyol and the isocyanate in the black material 
can be used to create a chain extension reaction for two-step foaming, which is divided 
into the prepolymer method and the semi-prepolymer method, and the common point of 
the two is that all or part of the white material and the black material are mixed to form 
prepolymer before foaming, and then other additives are added, as is another part of the 
mixture of the black material and white material. 

The method adopted in this paper was one-step foaming, and the catalyst was the 
most direct factor affecting foaming time. Generally, amine and tin compounds are used 

a b 

Figure 5. (a) Product retention time of polyether 4110 and degradation products D1 and B5
(b) Enlarged view of a specific location in (a).

3.6. Foaming Time of the Regenerated PU Rigid Foam

The preparation methods of polyurethane foam can be divided into one-step foaming
and two-step foaming [38]. As the name implies, one-step foaming involves mixing
polyether polyols, catalysts (dibutyltin dilaurate and triethanolamine) [39,40], foaming
agents, surfactants, and black materials and stirring, and the reaction and foaming occur
at the same time. The hydroxyl in the polyether polyol and the isocyanate in the black
material can be used to create a chain extension reaction for two-step foaming, which is
divided into the prepolymer method and the semi-prepolymer method, and the common
point of the two is that all or part of the white material and the black material are mixed to
form prepolymer before foaming, and then other additives are added, as is another part of
the mixture of the black material and white material.

The method adopted in this paper was one-step foaming, and the catalyst was the
most direct factor affecting foaming time. Generally, amine and tin compounds are used as
catalysts for polyurethane foaming. According to the synergistic effect between the two
catalysts, the milky white time and gel time in the foaming process of the degradation ma-
terial obtained from the degradation of the polyurethane elastomer were roughly measured
using the simple industrial empirical method, and the time range obtained is shown in
Figure 6.

It can be seen from the figure that the total foaming time of the selected components
was between 40–140 s. Generally speaking, within a certain range, with an increase in
catalyst addition, the foaming time will be actively shortened [41]. However, the experi-
mental results in this paper were obviously inconsistent with this conclusion because the
polyurethane elastomer used in this paper was industrial waste. Although the waste had
been cleaned, to a certain extent, before undergoing degradation, during the glycolysis
process [42], the metals attached to or wrapped in the waste turned into metal ions in the
alcoholysis agent at high temperatures. These metal ions also played a catalytic role in the
foaming process. Thus, the final knot was skewed by the presence of metal ions. This was
also the primary reason why the foaming time of the components with triethanolamine
and dibutyltin dilaurate was shorter than that of the components with the catalyst.

In actual production, the uses of polyurethane foam are different, and the requirements
for foaming time are also different. For polyurethane foam wrapped in directly buried pipe,
it is hoped that the foaming time is relatively longer and the fluidity is better because of the
pipe’s length. For wall-spraying polyurethane foam, the foaming time is attempted to be as
short as possible for faster forming.
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degradation products.

3.7. Water Absorption of the Regenerated PU Rigid Foam

Figure 7 shows the water absorption measurement data of the regenerated polyurethane
rigid foam prepared by the one-step foaming of the selected eight groups of degradation
products. In the foaming process for each group of degradation materials, the ratios of
amine to tin varied (0:0, 1:1, 1:2, 2:1, 2:2) so as to prepare five groups of regenerated
polyurethane foam. The prepared five groups of regenerated polyurethane foam were
cut into pieces for sample preparation, and the water absorption of each group of foam
was determined so as to select the regenerated polyurethane rigid foam that best met
the standards.

Polymers 2023, 15, x FOR PEER REVIEW 11 of 17 
 

 

 
Figure 7. Determination of the water absorption of the regenerated polyurethane rigid foam pre-
pared by the eight groups of optimal degradation products. 

It can be clearly seen in Figure 7 that the water absorption rate of the optimal regen-
erated polyurethane foam was no more than 0.6%, and this can be used to judge the degree 
of density between the holes of the polyurethane foam. The most direct factor affecting 
density is the molecular weight of the polyether polyol and the proportion of isocyanate 
added. Generally speaking, reducing the molecular weight of polyether polyol or increas-
ing the proportion of isocyanate can improve the density of foam and reduce foam water 
absorption. The lower the water absorption rate, the more complete the internal bubble 
structure of the regenerated polyurethane foam, the closer the fit between the bubble and 
the bubble, and the higher the uniformity of the bubble and the obturator rate [43]. This 
indicates that the prepared regenerated polyurethane foam had good air tightness and a 
good thermal insulation effect. 

3.8. Determination of Density, Strength, and Thermal Conductivity of the Recycled PU Hard 
Foam 

As an important performance reference index of polyurethane foam, the apparent 
density directly affects its compression strength and thermal conductivity. Figure 8 shows 
the density, compressive strength, and thermal conductivity of the regenerated polyure-
thane foam of the preferred component. As can be seen in the figure, the density of the 
regenerated polyurethane foam had a similar variation trend in its compressive strength, 
and the compressive strength changed with the density. The apparent density of the op-
timized regenerated polyurethane foam ranged from 30 kg/m3 to 40 Kg/m3, which was 
consistent with the range of low-density polyurethane foam. The range of compressive 
strength was 0.13–0.18 MPa, the highest thermal conductivity was 0.0192 W (m·K) −1, and 
the lowest thermal conductivity was 0.0132 W (m·K)−1. 
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It can be clearly seen in Figure 7 that the water absorption rate of the optimal regener-
ated polyurethane foam was no more than 0.6%, and this can be used to judge the degree
of density between the holes of the polyurethane foam. The most direct factor affecting
density is the molecular weight of the polyether polyol and the proportion of isocyanate
added. Generally speaking, reducing the molecular weight of polyether polyol or increas-
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ing the proportion of isocyanate can improve the density of foam and reduce foam water
absorption. The lower the water absorption rate, the more complete the internal bubble
structure of the regenerated polyurethane foam, the closer the fit between the bubble and
the bubble, and the higher the uniformity of the bubble and the obturator rate [43]. This
indicates that the prepared regenerated polyurethane foam had good air tightness and a
good thermal insulation effect.

3.8. Determination of Density, Strength, and Thermal Conductivity of the Recycled PU Hard Foam

As an important performance reference index of polyurethane foam, the apparent den-
sity directly affects its compression strength and thermal conductivity. Figure 8 shows the
density, compressive strength, and thermal conductivity of the regenerated polyurethane
foam of the preferred component. As can be seen in the figure, the density of the regen-
erated polyurethane foam had a similar variation trend in its compressive strength, and
the compressive strength changed with the density. The apparent density of the optimized
regenerated polyurethane foam ranged from 30 kg/m3 to 40 kg/m3, which was consistent
with the range of low-density polyurethane foam. The range of compressive strength was
0.13–0.18 MPa, the highest thermal conductivity was 0.0192 W (m·K) −1, and the lowest
thermal conductivity was 0.0132 W (m·K)−1.
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Figure 8. Determination of (a) foam density and (b) compression strength and thermal conductivity of the
regenerated polyurethane rigid foam prepared by the eight groups of optimal degradation products.

3.9. SEM Analysis of the Regenerated PU Rigid Foam

The degradation material obtained from the degradation of the waste polyurethane
elastomer by alcoholysis was foamed using the one-step method, and the prepared regen-
erated polyurethane foam was tested by SEM. The test results are shown in Figure 9.

Figure 9 compares the foams prepared by two types of commercially available polyether
4110 from the eight optimal products. A–C are the electron microscopic images of the
foam prepared by commercially available polyether 4110 at different magnifications, and
A is the electron microscopic image of the polyurethane foam prepared by commercially
available polyether 4110 at different sizes (2 mm, 1 mm, and 500 µm). B is the electron
microscopy of the regenerated polyurethane foam prepared by polyether polyols degraded
by an alcoholysis agent (DEG: BDO) at different sizes (2 mm, 1 mm, and 500 µm). C
is the electron microscopy of the regenerated polyurethane foam prepared by polyether
polyols degraded by an alcoholysis agent (EG: BDO) at different sizes (2 mm, 1 mm, and
500 µm). It can be seen that the micromorphology of the regenerated polyurethane foam
prepared by the alcoholysis method is similar to the foam prepared by the commercially
available polyether 4110 in terms of the integrity of the bubble holes and the strength
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of the skeletons. Therefore, the alcoholysis method can successfully degrade the waste
polyurethane elastomer and prepare regenerated polyurethane foam.
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Figure 9. The SEM images of D1 and B5 of the optimal degradation products at three different sizes
(2 mm, 1 mm, and 500 µm) were compared with those of polyether 4110. (A–C) show polyether 4110,
(D–F) show D1, and (G–I) show B5.

Under SEM, the foam holes of the regenerated polyurethane foam showed a uniform
“honeycomb” shape [44]. Under the SEM with a size of 2 mm, the bubble holes were tightly
and evenly arranged in the visible field of vision, and it could be intuitively observed
that the degradation material recovered from degradation could be used as a substitute
for polyether polyol to foam and to prepare the regenerated polyurethane foam. From
the figure at 500 µm, it can be clearly seen that the shape of the bubble presented regular
pentagonal and hexagonal geometric shapes, the skeleton was strong, and the connections
between the bubbles were tight, which indicated that the regenerated polyurethane foam
prepared using the degradation material of the waste polyurethane elastomer recovered
by the alcoholysis method had good sealing properties. The thick skeleton indicated that
the foam had a strong compression performance. Under SEM, the test also showed that
the bubble holes prepared using the degradation material displayed similar phenomena
to the bubble holes prepared using polyether 4110. The tight connection between the
bubble holes indicated that the foam had good air tightness and a good thermal insulation
performance. Figure 10 shows physical pictures of the regenerated polyurethane foam
prepared by one-step foaming in the experiment. It can be clearly seen in the pictures
that the regenerated polyurethane foam freely foamed by one-step foaming had smooth
surfaces, complete cross-linking, and no slag loss.
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Figure 10. Actual picture of the polyurethane rigid foam partially prepared in the experiment
((a–i) are regenerated polyurethane rigid foam prepared by degradation products).

3.10. TG Analysis of the Regenerated PU Rigid Foam

Figure 11 shows the thermogravimetric analysis of the regenerated polyurethane
rigid foam prepared using polyether 4110 and the regenerated polyurethane rigid foam
prepared using the degradation materials D1 and B5 and obtained by recycling the waste
polyurethane elastomer.
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Figure 11. Thermogravimetric diagram of the hard foam of the regenerated polyurethane prepared
using polyether 4110 and the D1 and B5 degradation materials.
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As can be seen from the figure, the thermal weight loss of the two foams with different
ratios could be divided into three stages. The first stage was 100–200 ◦C, and the volatiliza-
tion of the free and bound water in the foam led to its weight loss. The second stage
was 200–390 ◦C, during which the isocyanic acid in the polyurethane joint segment broke
with the hard segment. At this stage, the polyether satin in the end of the polyurethane
chain broke [45]. The mass loss temperature of the foam prepared by the two ratios was
approximately 250 ◦C, and the decomposition stopped at approximately 780 ◦C. Finally, the
fastest weight loss temperature of polyether 4110 and D1 was approximately 338 ◦C, while
the fastest weight loss temperature of B5 was approximately 350 ◦C. It was obvious that the
weight loss speeds of polyether 4110 and D1 were significantly faster than that of B5. This
indicated that the chemical bond energy of the foam prepared by degradation material B5
was greater, and the human stability of the regenerated polyurethane foam prepared by
the degradation material recovered from the waste polyurethane elastomer was similar, or
even better, than that of polyether 4110. Therefore, it was shown that the thermal stability
of the recycled polyurethane foam prepared by recycling and degradation was more stable,
and the strain capacity of the polyurethane foam to environmental changes had improved
in the actual use process.

4. Conclusions

In this paper, four kinds of diols (butanediol, propylene glycol, ethylene glycol, and
monodiethylene glycol) were used to degrade waste polyurethane elastomers success-
fully, and the regenerated polyether polyol, which was similar to polyether polyol 4110
in its structure and properties, could be used as a raw material for polyurethane synthe-
sis. Eight groups of optimal formulations were selected according to the viscosity of the
degraded materials and the compression strength, density, water absorption, and thermal
conductivity of the regenerated polyurethane rigid foam. The indexes of the products
of the optimal formulations were all within the range of industry requirements, and the
viscosity of the recovered degraded materials was between 485 and 1200 MPa·s. The regen-
erated polyurethane rigid foam was prepared by using the degradation materials rather
than commercially available polyether polyols, and the foaming time of the regenerated
polyurethane rigid foam was generally between 40 and 140 s. The compressive strength
was between 0.131 and 0.176 MPa, and the water absorption rate ranged from 0.7265 to
1.9923%. The apparent density of the foam was between 0.0303 and 0.0403 kg/m3. The
thermal conductivity ranged from 0.0151 to 0.0202 W/(m·K). After synthesizing all the
data, the optimal group was divided into D1: DEG:BDO = 40:40. The compressive strength,
water absorption, thermal conductivity, and foam density of the recycled polyurethane
foam prepared from this component were the best. From the above data, it can be seen that
the recovery of waste polyurethane elastomers by the alcoholysis method and different
proportions of alcoholysis agents was successful, and this has certain practical significance
for the selection of alcohol types and proportions in later stages.
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Abstract: The chemical recycling of end-of-life polylactic acid (PLA) plays roles in mitigating envi-
ronmental pressure and developing circular economy. In this regard, one-pot tandem alcoholysis
and hydrogenation of PLA was carried out to produce 1,2-propanediol, which is a bulk chemical in
polymer chemistry. In more detail, the commercially available Raney Co was employed as the cata-
lyst, and transformation was conducted in ethanol, which acted as nucleophilic reagent and solvent.
Single-factor analysis and Box–Behnken design were used to optimize the reaction conditions. Under
the optimized condition, three kinds of PLA materials were subjected to degradation. Additionally,
74.8 ± 5.5%, 76.5 ± 6.2%, and 71.4 ± 5.7% of 1,2-propanediol was yielded from PLA powder, particle,
and straws, respectively, which provided a recycle protocol to convert polylactic acid waste into
value-added chemicals.

Keywords: polylactic acid; alcoholysis; hydrogenation; 1,2-propanediol; PLA straws

1. Introduction

Polylactic acid (PLA) is an environmental-friendly alternative to petroleum-derived
plastic due to biodegradability and biocompatibility [1], which can be used in the following
sectors: packaging, agriculture, textiles, clinical sector, and others [2]. In 2015, the global
production of PLA was around 200 kt [3], and it is expected to reach 560 kt in 2025 [4],
with an increase of 180% over the past decade. Thus, its tremendous growth in single-use
products has led to serious social problems, e.g., economical inefficiency, excess wastes, and
associated environmental concerns [5]. Although PLA is biodegradable, it takes decades
to completely degrade in landfill [6], and 60–100 days are also needed under elevated
temperature (50 ± 5 ◦C) in composting conditions [7]. These two routine degradation
methods are not recommended choices since no material is recovered. In this regard, the
chemical end-of-life scenario of short-life PLA is essential to determine its sustainability
and circular economy, where monomer regeneration occurs, or value-added chemicals are
produced. Chemical degradation of PLA generally includes hydrolysis, pyrolysis, alcohol-
ysis, and ammonolysis [8]. A serious of products were derived from the above recycling
options, such as lactic acid [9,10], lactide [11,12], lactate ester [13,14], biofuel [15,16], and
others [17]. Hydrolysis occurs through random scission of the ester bond around 200 ◦C
and the monomer of lactic acid is formed, which can further convert into new PLA and
a variety of chemicals [10]. Pyrolysis takes place via intramolecular transesterification
of PLA and results in lactide over the range of 200–500 ◦C [11,12]. Alcoholysis allows
the formation of lactate esters, known as green solvents, and they can be transformed
into lactide, resulting in circular economy [13,14]. Ammonolysis depolymerizes PLA into
alanine, which also expands the application of PLA wastes [17].
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In addition, PLA was found as a potential feedstock to produce 1,2-propanediol (1,2-
PDO) as well [18,19], a bulk commodity chemical, which is extensively used as antifreeze,
monomer for production of unsaturated polyester resins and biodegradable plastic, and
additive in drug, food, and cosmetics [20]. Commonly used 1,2-PDO is obtained from
propylene, which is primarily combined with ethylbenzene and chlorine to form propylene
oxide, and then yield 1,2-PDO via hydration [21]. Regarding the depletion of fossil fuel and
the environmental concern, there has been increased demand for bio-based processes using
renewable feedstocks and waste streams, such as glycerol [22,23], glucose [24], cellulose [25],
lactic acid [26,27], etc. (Table S1). Additionally, selective hydrogenolysis of glycerol is
the most common renewable route for producing commercial 1,2-PDO, as glycerol is a
low valued byproduct of biodiesel [28]. However, excess H2 and high energy input are
necessary in the process, and byproducts (e.g., the acetol intermediate, ethylene glycol,
propanol) are derived via further hydrogenolysis of glycerol [29]. Therefore, it provides
a strong motivation to operationalize a new route for green and efficient production of
1,2-propanediol.

In recent years, reductive depolymerization of PLA has emerged as an efficient alter-
native methodology to recover 1,2-PDO, employing ruthenium- [30,31], copper- [18], or
zinc-based [32] catalysts, and H2 or silane as the reducing agent (Table S1). These recycling
concepts from PLA to 1,2-PDO can not only greatly diminish the environmental concerns of
PLA wastes, but also offer an attractive and renewable approach to 1,2-PDO. Nevertheless,
one of the disadvantages of reported methods is the use of toxic, noble metal-based, and
homogeneous catalysts. Moreover, expensive and not eco-friendly reagents should be
avoided, such as toluene [32], 1,4-dioxane [31], THF, and anisole [19] (Table S1). In this
regard, for sustainable industrial application of depolymerization PLA, it is inevitable to
develop a mild reaction system with green solvents and reusable heterogeneous catalysts.
Herein, we developed a one-pot tandem alcoholysis–hydrogenation route to transform
polylactic acid into 1,2-PDO, in which ethanol was used as green solvent [33], and Raney
Co, an efficient heterogeneous catalyst for hydrogenation of biomass [34], was employed
for the catalysis reaction.

2. Materials and Methods
2.1. Materials

PLA powder (100 mesh) was purchased from Huachuang Plastic, Dongguan, China.
PLA particle (Mw ~80,000) was purchased from Shanghai Macklin Biochemical Technology
Co., Ltd. (Shanghai, China). PLA straws were obtained by Ningbo Sizhuo Plastic Industry
Co., Ltd., Ningbo, China, and were shredded into particles with size < 5 mm before use.
Standard substances (1,2-propanediol, ethyl lactate, and ethyl propionate, purity ≥ 99.5%),
Raney Co (50 µm, dispersed in water), and internal standard substance (dodecane, purity of
99.5%) were obtained from Shanghai Aladdin Industrial Development Co., Ltd. (Shanghai,
China). Other chemicals (analytical purity) were purchased from Sinopharm Reagent Co.,
Ltd. (Beijing, China).

2.2. Typical Alcoholysis and Hydrogenation Process

Typically, 1 g PLA powder, 10 mL ethanol, 0.1 g Raney Co, and 0.1 g dodecane were
charged into a 50 mL Hastelloy batch autoclave. The vessel was sealed, and the mixture
was flushed with H2 at least 5 times to remove air. Afterward, the reactor was purged
with hydrogen to pre-set pressure (e.g., 3 MPa). The reactor was heated, and the reaction
time was marked once the desired temperature was reached. After reaction, products were
sampled and subjected to analysis. Moreover, methanolization of PLA straws without
catalyst and hydrogen was carried out to determine the content of PLA.

2.3. Analysis

The reactants identification was carried out by Shimadzu QP 2010 Plus gas
chromatography-mass spectrometry (GC-MS) with an Rtx-5MS column (30.0 m × 0.25 mm
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× 0.25 µm). The oven temperature was held at 60 ◦C for 5 min, and ramped to 260 ◦C for
another 5 min at 12 ◦C/min. The injector and detector temperature were set at 280 ◦C and
285 ◦C, respectively.

The content of 1,2-propanediol (mol/L) was determined by a gas chromatograph (GC,
Shimazu GC-2014C, Shimazu, Kyoto, Japan) equipped with a flame ionization detector
(FID) and WondaCap FFAP capillary column (30.0 m × 0.25 mm × 0.25 µm). The initial col-
umn temperature was 60 ◦C holding for 5 min, and ramped to 260 ◦C at a rate of 12 ◦C/min.
Both the injector and the detector temperature were set at 280 ◦C. The quantification was
analyzed by the standard curves of each standard substance, using dodecane as the internal
standard. The yield (%) of 1,2-PDO in the reaction bulk was calculated as Equation (1).

Yield (%) =
mi

m0
× 100% (1)

where mi (g) is the mass quantity of 1,2-PDO and m0 (g) refers to the mass of the PLA
material.

The conversion (%) of PLA feedstock was calculated as Equation (2).

Conversion (%) =
(m0 − mr)

m0
× 100% (2)

where mr (g) is the mass quantity of residues and m0 (g) refers to the mass of the PLA
material.

2.4. Digestion PLA in Ethanol

A total of 1 g PLA powder and 10 mL ethanol were mixed in a 15-mL stoppered
test tube, and then subjected to a digestion apparatus. The mixture was heated to a set
temperature (100–240 ◦C), and the dissolution status of PLA was recorded at different
times.

2.5. Calcination of PLA Straws

A total of 1 g of PLA straw pieces was submitted to an air furnace and heated to 600 ◦C
at 10 ◦C/min, and then kept for another 3 h. After roasting, the residual inorganic ash was
collected and weighed.

2.6. Fourier Transform Infrared (FTIR) Spectroscopy Analysis

The infrared spectra of PLA materials and its residues were recorded using a Spectrum
Two LiTA Spectrometer (PerkinElmer, Waltham, MA, USA) with LiTaO3 Detector in the
range of 4000 to 400 cm−1 with the resolution of 1 cm−1. The samples were grounded,
mixed with KBr, and pressed into pellets for analysis.

2.7. Box-Benhken Optimization Design

Response surface methodology (RSM) was used to optimize experimental factors
during the depolymerization process of PLA to recover 1,2-propanediol and investigate the
correlation between the response and parameters. In this study, Box–Behnken design (BBD)
was adopted as fewer experiment groups are needed to build a model equation than central
composite design (CCD) [35]. A three-factor and three-level BBD was employed, requiring
17 runs (Table S2) to optimize the independent variables, reaction time (A, h), temperature
(B, ◦C), and ethanol/PLA ratio (C, mL/g), using a Design Expert 11.0.4 software (Stat-Ease,
Minneapolis, MN, USA).

3. Results and Discussion
3.1. Analysis of Alcoholysis and Hydrogenation Products

During the tandem alcoholysis–hydrogenation process of PLA, ethanol was employed
both as nucleophile and solvent. Nucleophile attacks the carbonyl group in PLA macro-
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molecule, leading to its alcoholytic depolymerisation with the formation of lactate es-
ters [14]. Afterwards, residual ethanol can be used as reaction medium, and ethyl lactate as
bio-based solution for further dissolving PLA [33,36]. Figure 1a shows the distribution of
PLA powder-derived products, in which 1,2-propanediol was the primary product, along
with ethyl lactate and negligible ethyl propionate as byproducts. In this reaction, toxic
or ambiguity solvents were avoided, such as 1,4-dioxane [31], THF [30], and anisole [19],
despite their solubility to PLA obviously stimulating the formation of 1,2-PDO. Meanwhile,
methanol was also applied in this reaction system as it is a better nucleophile [37,38], and
methyl lactate was the dominant product (Figure S1). Thence, ethanol is more optional in
our alcoholysis–hydrogenation process owing to its safety and recyclability. Additionally,
ethanol could be reused although it was involved in the reaction, and residual ethyl lac-
tate could be further hydrogenated into 1,2-PDO, which catered to circular economy and
eco-production.
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Figure 1. GC-MS analysis (a) and proposed mechanism (b) for tandem alcoholysis–hydrogenation
of PLA. Reaction conditions: 1 g PLA, 10 mL ethanol, 0.1 g Raney Co, 3 MPa H2, 140–240 ◦C, and
reacting for 12 h.

Here, Raney Co was necessary in alcoholysis and hydrogenation of PLA to produce
1,2-PDO, and the proposed pathway is exhibited in Figure 1b. Under proper temperature
(180 ◦C), ethyl lactate was evidenced to be the important intermediate during the degra-
dation process, as it was the unique product of ethanolization for PLA without catalyst
(Figure S2). Subsequently, ethyl lactate was transformed into 1,2-propanediol via hydro-
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genation in the presence of Raney Co and H2. In addition to Co-derived catalysts [39,40],
Cu- [41,42] and Ru-based [27,43] catalysts have also been studied in catalyzing the hy-
drogenation of ethyl lactate to 1,2-PDO, but the low activity of Cu and the exorbitant
price of Ru makes non-noble Co-derived catalysts more preferable in industrial applica-
tion. As Figure 1a shows, inadequate alcoholysis and other side reactions occurred under
low temperature and high temperature conditions, respectively. In the 140 ◦C run, PLA
tended to degrade into dimer, different configurations of lactide, rather than alcoholytic
depolymerisation into ethyl lactate. As feedstock, lactide would yield 1,2-PDO via tandem
alcoholysis and hydrogenation process under suitable conditions. While at elevated tem-
perature, ethyl propionate was more likely to be formed through the hydrogenation of -OH
in ethyl lactate. Moreover, it was notable that a certain amount of acetal was available in
degradation products, which might be the coupling product of decarboxylative acceptorless
dehydrogenation of ethyl lactate [44].

3.2. Effect of Single Factor

To scan the effect of different parameters on the yield of 1,2-propanediol from the
alcoholysis and hydrogenation of PLA, single-factor tests were carried out. Due to the
insolubility of PLA powder in ethanol, the degradation temperature was scanned by a
digestion test of PLA in ethanol (Figure 2). When the temperature was below 120 ◦C, the
PLA powder was almost deposited in the bottom of tube and the solvent was kept as trans-
parent. Further increasing the digestion temperature from 140 to 160 ◦C, the PLA powder
was gradually dissolved and dispersed in ethanol, and total digestion was accomplished at
180 ◦C. Considering the reaction adequacy, a temperature range of 140–240 ◦C was investi-
gated towards the effect on PLA conversion and 1,2-PDO yield in Figure 3a. As the data
showed, temperature violently affected the conversion of raw material and the composition
of products. Under relatively low temperature (140–160 ◦C), total conversion of PLA could
not be achieved, and PLA was more easily to form lactide rather than ethyl lactate, through
back-biting depolymerization or radical process [45,46] (Figure 1a). However, elevated
temperature (220–240 ◦C) favored to form more byproducts, such as ethyl propionate and
acetal, which resulted in barely any formation of 1,2-propanediol.

Sufficient reaction time was necessary to completely degrade PLA and promote the
formation of 1,2-propanediol. Figure 3b demonstrates that 6 h was required for 100%
conversion of PLA, and the longer reaction time still was needed to gain higher yield of
1,2-PDO. However, further increasing the reaction time (>18 h) even led to a slight decrease
in the yield of target product. Meanwhile, adequate ethanol dosage (≥2 mL/g PLA) was
also indispensable for full conversion, and larger amount of ethanol (10–30 mL /g PLA)
was necessary to yield 1,2-PDO (Figure 3c). Considering cost and energy consumption,
the range of 160–200 ◦C, 6–18 h, and 10–30 mL ethanol/g PLA was selected for further
optimization.
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(d) concentration of Raney Co, and (e) H2 pressure on the yield of 1,2-PDO and conversion of PLA.

In addition, another two parameters were investigated to select a suitable value of
Raney Co dosage and H2 pressure (Figure 3d,e). Figure S2 indicated that Raney Co and
hydrogen were integral for the formation of 1,2-PDO, and ethyl lactate was the main
product in the absence of Raney Co or H2 or both. The yield of 1,2-PDO increased sharply
along with the increase in catalyst dosage and H2 pressure at initial stage, and then tended
to invariability. Thus, 10 wt% Raney Co and 3 MPa H2 were used in the following tests.

3.3. Optimization of Reaction Procedure

A three-factor and three-level BBD consisting of 17 experimental runs was used to
optimize the tandem alcoholysis–hydrogenation process of PLA. Table S2 summarizes the
experimental yield of 1,2-propanediol and predicted values by model, which was fitted as
a quadratic polynomial equation shown as Equation (3):

Yield (1,2-propanediol, %) = 69.3 + 5.1 A + 13.7 B + 5.3 C + 0.6 AB + 2.1 AC −
0.2 BC − 4.3 A2 − 18.0 B2 − 4.0 C2 (3)

where A, B, and C are the coded value of reaction time, temperature, and ethanol/PLA ratio,
respectively. The sign of coefficients implied how the parameters influence the response.
Therein, positive coefficients represent related factors have synergistic effect, but otherwise
factors have antagonist effect towards response [45].

Statistical testing of regression model was checked by F-test, and the analysis of
variance (ANOVA) for the fitted quadratic polynomial equation is shown in Table S3.
Additionally, the model was significant as the F-value was 56.7, while the lack of fit F-
value of 2.6 indicated no statistical significance relative to the pure error as the p-value
is higher than 0.05, which is desirable as the model exhibits good fitting to the relative
response [47]. Moreover, the validation of the polynomial regression model was confirmed
by the comparative plot between experimental and predicted values in Figure S3a, in
which the coefficient (R2 = 0.99) indicated that the fitted model was well in agreement
with actual results [48]. In addition, the normal plot residuals in Figure S3b displayed the
normal probability and studentized residuals lie reasonably in a straight line, implying the
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significance of the fitted model, and confirming that the assumption of the analysis was
satisfied [49].

The 3D response surface plots and 2D contour plots in Figure 4, i.e., the graphical
and visualized representations of the polynomial regression model, could help to better
understand the individual and interactions of the variables during the process of alcoholysis
and hydrogenation of PLA. Additionally, the optimal reaction conditions were optimized
by the 3D response surface with Box–Behnken design as follows: 187 ◦C of reaction
temperature, 15.6 h of reaction time, and 27 mL ethanol/g PLA, which contributed to the
predicted maximum yield of 1,2-PDO as 76.1%.
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3.4. Verification for Optimal Model

As discussed above, the model of tandem alcoholysis–hydrogenation of PLA to pro-
duce 1,2-PDO was established, and the predicted optimal conditions were optimized. To
verify the reliability of the model, three PLA materials (PLA powder, PLA particle, and
commercially available PLA-straws) were submitted to the reaction under the optimal
conditions in Figure 5. Both PLA powder and particle were totally depolymerized, and
74.8 ± 5.5% and 76.5 ± 6.2% of 1,2-PDO were obtained, respectively, which indicated the
applicability of the model as the difference between actual and predicted value was not
significant (p > 0.05).
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Figure 5. Verification experiments for optimal model. (a) Yield of 1,2-propanediol and conversion
derived from different feedstocks vs. predicted (Pred.) values from the model. The recovery of
1,2-PDO was based on the mass of feedstock. (b) Depolymerized samples of PLA powder (1), particle
(2), dispersed (3), and sedimented insoluble particles (4) of PLA-straws. Reaction conditions: 1 g
feedstock, 3 MPa H2, 0.1 g Raney Co, 27 mL ethanol, 187 ◦C, and reacting for 15.6 h.

Under the same conditions, total conversion of PLA and 71.4 ± 5.7% yield of 1,2-
PDO were achieved based on the mass of PLA in the straws, and the conversion of PLA
straws was 88.9 ± 4.2%. As the FTIR spectra of neat PLA powder, reaction residues and
roasting residues of PLA straws were compared in Figure S4, the PLA ingredient was totally
converted as the specific peaks of PLA were absent in the spectra of residues. However,
insoluble particles remained in the final samples (Figure 5b), which might be some inorganic
additives (such as talcum [50], diatomite [51]) in PLA straws as there were 10.4% residues
after roasting PLA straws at 600 ◦C. Moreover, some additional C4 derivatives were formed
in PLA straws degradation reaction, such as butanediol, diethyl butanedioate, and ethyl
hydroxybutyl butanedioate (Figure S5), which was supposed to be the organic agents (e.g.,
co-polymers: poly(butylene succinate) [52], poly(butylene adipate-co-terephthalate) [53],
and biomass: lignin [54] and coffee ground [55]). These additives in PLA straws are
used to modify its physical limitations, such as softening temperature, brittleness, slow
crystallization, etc. [56]. Consequently, the model is also suitable for the depolymerization
of PLA straws and other commercial products if the PLA content could be determined.

3.5. Reusability Test of Catalyst

Under the optimized condition, Raney Co was recycled and reused ten times, and the
results are shown in Figure 6. Overall, total conversion of PLA powder was achieved for
all runs, and the catalytic activity for alcoholysis–hydrogenation of PLA was maintained at
least 7 times with only a 4.9% decrease in the yield of 1,2-propanediol. Continuing reusing
the catalyst gradually led to an obvious decrease in catalytic properties, as there was a
29.1% reduction of 1,2-PDO yield in the tenth run. Thus, further effects should be focused
on improving the selectivity and stability of Co-based catalysts.
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4. Conclusions

In this work, a one-pot tandem alcoholysis and hydrogenation of PLA was successfully
conducted to produce 1,2-PDO using Raney Co catalyst, and ethanol was used both as
reagent for esterification as well as solvent for subsequent hydrogenation. The reaction
conditions were optimized by single-factor analysis and response surface optimization as
15.9 h reaction time, 187 ◦C temperature, and 27 mL ethanol/g PLA, and 1,2-PDO yield of
74.8 ± 5.5%, 76.5 ± 6.2%, and 71.4 ± 5.7% were derived from powder, particle, and straws
of PLA, respectively. The Raney Co catalyst was efficient on a gram scale, and can be reused
in at least seven degradation cycles, suggesting the possibility of industrial application of
this method. Finally, this work demonstrated that it is possible to recycle PLA wastes using
inexpensive and commercially available catalyst, and eco-friendly and multi-functional
solvent, contributing to reduce and digest the end-of-life PLA residues in the environment,
which offers a sustainable alternative to the depolymerization of PLA wastes.
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Abstract: Waste tire textile fibers (WTTF), as a by-product (10–15% by weight of tires) of end-of-life
tires (ELT) mechanical recycling (grinding), are classified as hazardous wastes and traditionally
burnt (thermal recycling) or buried (landfilling), leading to several environmental and ecological
issues. Thus, WTTF still represent an important challenge in today’s material recycling streams. It
is vital to provide practical and economical solutions to convert WTTF into a source of inexpensive
and valuable raw materials. In recent years, tire textile fibers have attracted significant attention
to be used as a promising substitute to the commonly used natural/synthetic reinforcement fibers
in geotechnical engineering applications, construction/civil structures, insulation materials, and
polymer composites. However, the results available in the literature are limited, and practical
aspects such as fiber contamination (~65% rubber particles) remain unsolved, limiting WTTF as an
inexpensive reinforcement. This study provides a comprehensive review on WTTF treatments to
separate rubber and impurities and discusses potential applications in expansive soils, cement and
concrete, asphalt mixtures, rubber aerogels and polymer composites.

Keywords: waste tire textile fibers; soil composite; reinforced concrete; asphalt mixtures; rubber
aerogels; polymer blend

1. Introduction

As a consequence of a significant increase in the number of vehicles, more than
1.2 billion tires are manufactured annually, generating a large quantity of scrap tires ending
up in landfills over the years and causing significant damage to the environment [1]. The
management of used tires from its inception to its final disposal has become a major
concern around the globe [2,3]. It is of great importance to develop safe and efficient
disposal techniques for these waste streams, which has been an important challenge
to the environment and ecosystems [4,5]. Based on a report of the United States Tire
Manufacturers Association (USTMA), about 4.2 million tons (249 million scrap tires) were
generated in the US in 2017, while the Canadian Association of Tire Recycling Agencies
(CATRA) reported the generation of about 386 thousand tons of scrap tires in 2016 [6,7].
Similarly, data from the European Tire and Rubber Manufacturers Association (ETRA)
showed that 3.6 million tons of scrap tires were generated in Europe in 2013, while 51
million waste tires were discarded in Australia between 2013 and 2014 [8,9]. All these
numbers point towards the generation of high amounts of waste tires to be managed.
Table 1 presents a brief overview of a tire composition in which each component in a tire
formulation contributes to a specific characteristic, leading to a long lifetime, and achieves
dimensional stability with high performances under severe conditions (high temperatures,
radiations, mechanical stresses and chemical reagents) [10,11].

Vulcanized tire rubber as an elastic, insoluble and infusible thermoset material con-
taining about 1.52–1.64% sulfur requires several decades to degrade, naturally causing
significant health and environmental problems if not recycled or discarded properly [12,13].
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The main applications for end-of-life tires (ELT) disposal include reusing (5–23%), land-
filling (20–30%), energy recovery and pyrolysis (25–60%), as well as blending with other
materials to produce composites (3–15%) [14].

Table 1. Typical tire composition (wt.%) [10].

Type of Tire Rubber/Elastomers Carbon Black Metal Textile Zinc Oxide Others

Passenger Car 47 21.5 16.5 5.5 1 8.5
Lorry 45 22 23 3 2 5

Off Road 47 22 12 10 2 7

Figure 1 shows that ELT can be processed into rubber granulates, such as rubber chips,
rubber crumbs and rubber powder, as well as other components from tire reinforcement:
steel and textile fibers [15]. Besides rubber as the main component of used tires, steel
wires and textile fibers are two by-products derived from the treatment of ELT, but both are
generally discarded as undervalued resources. The separated steel wires can simply be used
in tunnel linings, hydraulic structures, bridge decks, pavements and slope stabilization [16].
Furthermore, waste tire textile fibers (WTTF) are generated in significant amounts (10–15%
by weight of waste tires) and are classified as special wastes (EWC code 19.12.08) which
have to be carefully disposed of or incinerated [10].

Polymers 2022, 14, x FOR PEER REVIEW 2 of 33 
 

 

Table 1. Typical tire composition (wt.%) [10]. 

Type of Tire Rubber/Elastomers Carbon Black Metal Textile Zinc Oxide Others 
Passenger Car 47 21.5 16.5 5.5 1 8.5 

Lorry 45 22 23 3 2 5 
Off Road 47 22 12 10 2 7 

Vulcanized tire rubber as an elastic, insoluble and infusible thermoset material con-
taining about 1.52–1.64% sulfur requires several decades to degrade, naturally causing 
significant health and environmental problems if not recycled or discarded properly 
[12,13]. The main applications for end-of-life tires (ELT) disposal include reusing (5–23%), 
landfilling (20–30%), energy recovery and pyrolysis (25–60%), as well as blending with 
other materials to produce composites (3–15%) [14]. 

Figure 1 shows that ELT can be processed into rubber granulates, such as rubber 
chips, rubber crumbs and rubber powder, as well as other components from tire reinforce-
ment: steel and textile fibers [15]. Besides rubber as the main component of used tires, steel 
wires and textile fibers are two by-products derived from the treatment of ELT, but both 
are generally discarded as undervalued resources. The separated steel wires can simply 
be used in tunnel linings, hydraulic structures, bridge decks, pavements and slope stabi-
lization [16]. Furthermore, waste tire textile fibers (WTTF) are generated in significant 
amounts (10–15% by weight of waste tires) and are classified as special wastes (EWC code 
19.12.08) which have to be carefully disposed of or incinerated [10]. 

 
Figure 1. The different materials extracted from end-of-life tires such as (1) textile fiber, (2) metal 
cord, (3) large size fraction of rubber crumb (1–5 mm), (4) mean size fraction (1–2 mm), and (5) small 
size fraction (0.1–1 mm) [15]. 

ELT can be reused by stripping off the tire tread and applying a new one via cold or 
hot processes, which is called retreading with the purpose of increasing the lifetime of 
used tires. Although tire retreading is an ecofriendly and waste-free method of ELT dis-
posal, the low quality and safety concerns at high speeds restrain this approach for pas-
senger car tires [2,13]. Burying ELT in landfills causes important environmental issues 
since not only the materials occupy large spaces, but they are the origin of self-initiated 
fires during hot seasons, as well as storing rain water, creating a breeding habitat for ro-
dents and insects [17,18]. About 49% of waste tires are incinerated to produce energy since 
tire rubber benefits from a high calorific value (32.6 MJ/kg), competing with common fuel 
to produce steam, electrical energy, pulp, paper, lime and steel [2]. However, because of 
incomplete/inefficient combustion, tire combustion leads to the emission of air pollutants, 
such as carbon oxides (COx), nitrogen oxides (NOx), sulfur oxides (SOx) and polycyclic 
aromatic hydrocarbons (PAH) [19]. Accordingly, energy generation through tire incinera-
tion was banned in most developed countries following the Paris agreement to prevent 

Figure 1. The different materials extracted from end-of-life tires such as (1) textile fiber, (2) metal
cord, (3) large size fraction of rubber crumb (1–5 mm), (4) mean size fraction (1–2 mm), and (5) small
size fraction (0.1–1 mm) [15].

ELT can be reused by stripping off the tire tread and applying a new one via cold
or hot processes, which is called retreading with the purpose of increasing the lifetime
of used tires. Although tire retreading is an ecofriendly and waste-free method of ELT
disposal, the low quality and safety concerns at high speeds restrain this approach for
passenger car tires [2,13]. Burying ELT in landfills causes important environmental issues
since not only the materials occupy large spaces, but they are the origin of self-initiated fires
during hot seasons, as well as storing rain water, creating a breeding habitat for rodents
and insects [17,18]. About 49% of waste tires are incinerated to produce energy since tire
rubber benefits from a high calorific value (32.6 MJ/kg), competing with common fuel
to produce steam, electrical energy, pulp, paper, lime and steel [2]. However, because of
incomplete/inefficient combustion, tire combustion leads to the emission of air pollutants,
such as carbon oxides (COx), nitrogen oxides (NOx), sulfur oxides (SOx) and polycyclic
aromatic hydrocarbons (PAH) [19]. Accordingly, energy generation through tire incinera-
tion was banned in most developed countries following the Paris agreement to prevent
air pollution. However, pyrolysis can be considered as a practical strategy to transform
ELT as an available source of hydrocarbons into gases, carbon blacks, liquid fuels, pyrolytic
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oils and pyrolysis char through catalytic or non-catalytic reactions above 400 ◦C in an
oxygen-free environment [12,20]. Figure 2 presents a wide range of possible value-added
products from the pyrolysis of ELT [21]. However, the main limitations to use pyrolysis at
an industrial scale are high costs (purchase, installation and operation), pyrolysis conditions
(high temperature with low pressure), and the generation of toxic hydrogen sulfide (gas) as
the main by-product [22].
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To avoid high environmental pollution associated with ELT landfilling and combustion,
it is imperative to develop alternative modes of waste tires disposal and value-added
potential applications. Composites production involves turning tire residues into valuable
raw materials through compounding (mixing) with different components. As an upcycling
strategy, scrap tires are valorized at the end of their service life to develop low costs
and sustainable composites [3,11,23]. For instance, tire rubber crumbs have been used as
additives or aggregates in automotive parts [24], concretes [25], asphalt mixtures [26,27],
pavements [28,29], soil structures [30], etc.

Different grinding processes have been developed such as cryogenic, ambient, wet
and water jet, converting used tires into triturated rubber particles of various sizes and
shapes. The rubber granulates, as the main portion of ELT, can be exploited as aggregates
in composite manufacturing with positive effects in terms of cost, weight, mechanical
performance, durability and environmental sustainability [31,32]. Figure 3 shows that ELT
grinding consists of three main steps. Initially, ground tire rubber (GTR) is produced using
grinder blades and knife elements for tire downsizing into 7–10 cm particles followed by
the removal of the metallic fraction. Next, crunching is performed to obtain tire rubber
granulates of smaller sizes (around 2 cm). Finally, pulverization and separation of the tire
residues takes place to produce granulated or pulverized rubber fractions with specific
particle sizes (smaller than 1 mm) using pneumatic separators (sieving) and electromagnets
for the separation of textile fibers and metal components from the rubbers, respectively.
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About 15–50% by mass of uncleaned fibers is generated from this process as a mixture of
rubber–fiber, which still needs to be fully valorized [10].
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Most of the current treatment processes for reusing, recovering, and recycling of
ELT are aiming at recovering steel and rubber, while waste management strategies are
not implemented for WTTF. This apparent lack of interest is associated with the fact that
WTTF represent an obstacle for widespread ELT recycling because of dust accumulating
in the workplace, resulting in health problems for operators [33,34]. Moreover, the fibers
obtained from the processing of used vehicle tires are contaminated with rubber particles
accumulating electrostatic charges, making it difficult for melt processing (inhomogeneous
mixing and feeding problems in extrusion or injection), as well as high volume and low
specific weight (approximately 140 kg/m3), making their transport/handling very difficult
and expensive. In addition, rubber particles attached to WTTF contain varying amounts
of sulfur, nitrogen, oxygen and hydrogen leading to the emission of toxic gases during
combustion [35,36]. As an example, around 5–8 tons of WTTF are buried daily in Iran,
indicating the role of tire fiber residues on polluting the soil, underground waters and
wildfire, in addition to the high amount of valuable urban lands being filled with this
waste [37]. One of the most efficient ways of tackling this challenge is to apply efficient
cleaning operations to separate the fine crumb rubber and steel particles from the textile
fibers to generate added-value applications [10,38,39].

Recently, alternative strategies for WTTF are gradually being developed based on
important environmental and financial incentives instead of landfilling or burning. Among
the products acquired in the recycling process of waste tires, WTTF are introduced as
promising reinforcements in geotechnical engineering practices [37,40,41], building ma-
terials [38,42], and polymer blends [43,44]. According to the literature, Nylon, especially
Nylon 6.6, and polyester are the main polymers found in WTTF [10,42,43,45]. WTTF can
be incorporated as a reinforcement into different matrices with a processing temperature
lower than the melting temperature of Nylon 6.6 (259 ◦C) [46] and polyester (253 ◦C) [43]
as the main components of WTTF. Conversely, they can be used in “colder” materials
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such as soil, cement or bituminous conglomerates [10]. For instance, the application of
WTTF as reinforcing agents in expansive soil for impermeable liners and covers in landfill
applications results in improved geotechnical characteristics such as split tensile strength,
swelling–consolidation, volumetric shrinkage and desiccation cracking tests [47].

Since ELT can be of various sources, such as truck tires, off-the-road tires, car tires,
tractor tires, etc., the WTTF obtained after grinding have different lengths, diameters and
mechanical properties with typical values and characteristics as presented in Table 2. As re-
ported in Table 3, energy dispersive X-ray (EDAX) spectroscopy confirms the predominance
of carbon and oxygen in the chemical composition of these fibers, while small amounts
of Na, Zn, S, Al and Si are also detected due to the different additives used in vulcanized
rubber formulations [40,48].

Table 2. Physical and mechanical characteristics of WTTF [40].

Property Unit Testing Method
Values

General Most Frequent

Fiber type – – Yarned –
Equivalent diameter mm ASTM D885M-10A e1 (2014) 0.030–1.50 0.80

Length mm ASTM D885M-10A e1 (2014) 0–70 20–40
Tensile strength MPa ASTM D885M-10A e1 (2014) 300–2000 600
Twist S (Folded) T/10 cm ASTM D885M-10A e1 (2014) 30–50 39

Elongation at break % ASTM D885M-10A e1 (2014) 18–25 22
Elastic modulus GPa ASTM D885M-10A e1 (2014) 2–7.5 2.7

Hot air shrinkage (at 177 ◦C
× 2 min × 143 g) % ASTM D5591-04 (2016) 3–5 4.5

Linear density Denier ASTM D885M-10A e1 (2014) 840–1890 1260
Melting point ◦C ASTM D885M-10A e1 (2014) 250–260 256

Water absorption % ASTM D885M-10A e1 (2014) 5–13 9.5

Table 3. Chemical composition (EDAX result) of WTTF [40].

Element Symbols Content (%)

Carbon C 62.3
Oxygen O 23.9
Sodium Na 4.75

Zinc Zn 2.91
Sulfur S 2.19

Aluminum Al 1.83
Silicon Si 1.38

Magnesium Mg 0.72

Some reviews are available on the subject of tire recycling into thermoplastic elastomer
(TPE), rubber compounding, building/construction materials, and tire-derived fuels. For
instance, the review by Ramarad et al. [2] covers the recycling of the rubber fraction of
ELT with a focus on the addition of GTR into polymeric matrices. Fazli and Rodrigue [13]
reviewed in detail the curing, rheological, mechanical, aging, thermal, dynamic mechanical
and swelling properties of rubber compounds reinforced with recycled tire rubber (rubber
review). Bockstal et al. [49] provided a comprehensive review about physical and chemical
devulcanization processes used to recycle rubber granules as reclaimed rubber (RR), as well
as the properties of rubber compounds filled with RR. Wahid Ferdous et al. [17] reviewed
the recent progress using tire rubber residues as replacements of aggregates, binders
and fibers in concrete formulations. Compared to a large body of studies on tire rubber
waste management, only a few studies were devoted to study the reuse opportunities
and potential applications of WTTF in composite preparation and the effect of different
fiber treatments on the final product properties. Nevertheless, these treatments are not
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always very clear and need better understanding to fully exploit the fiber properties into
high-value applications.

The current study aims to show that using WTTF in composite materials is an impor-
tant move towards a circular economy that can minimize virgin materials consumption
and develop recyclable fiber-reinforced composites having similar properties to virgin
materials at lower costs. In this context, a distinctive effort is made here to summarize
all the works dealing with the recycling of treated or untreated WTTF. As a step towards
a more sustainable development, a special focus on the possibility of reusing WTTF as
reinforcement in soil composites, cementitious materials, asphalt mixture, rubber aerogels
and polymer blends is presented and discussed in terms of the advantages and limitations
for each application.

2. Soil Composite

The creation and expansion of tension cracks and fissures are prevalent phenomena in
soil structures such as dams, hydraulic barriers, slopes, runway subgrades, highways and
railway embankments [40,50]. In addition, the soil structures used for the construction of
impermeable layers (liners and covers in landfills) to prevent from leachate and pollutant
migration into the soil and ground water are susceptible to volume changes and desiccation
cracking [50]. This is why soil stabilization/reinforcement techniques are being developed
to increase the shear and compressive strengths, bearing capacity and permeability of the
structures [51]. Chemical techniques are being used for expansive soil reinforcement and
stabilization through application of fly ash [52], lime [53], geo-polymers [54], cement [55],
and ground granulated blast furnace slag [56]. Furthermore, mechanical techniques have
been proposed as a more sustainable solution for expansive soil reinforcement based
on randomly distributed synthetic fibers such as polypropylene (PP) [57], polyester [58],
polyvinyl alcohol (PVA) [59], waste carpet [60], glass [61], and carbon [62]), as well as natu-
ral (biobased) fibers such as kenaf [63], corn husk [64], hemp [65], bagasse [66], sisal [67],
and jute [68].

Tire-derived textile tire fibers are among the main reinforcing agents gaining more
attention in geotechnical engineering applications with a special focus on soil structures due
to their efficient and economical nature [30,37,41,69]. In one of the earliest attempts towards
a new area for WTTF reuse in soil reinforcement, Abbaspour et al. [37] reported that up to
10% was possible to use as an effective soil reinforcement strategy for two types of soils
based on clay and sand. As shown in Figure 4, the failure pattern of fiber-reinforced soils
in unconfined compressive strength (UCS) tests reveals a brittle failure of the unreinforced
specimen due to the presence of a continuous shear plane (vertical crack) from top to
bottom (Figure 4a) [37]. Furthermore, incorporation of up to 4% WTTF generated multiple
undeveloped cracks and bulging deformation as indicative of the fiber effect to prevent the
expansion of the original shear plane leading to higher specimen strength [37].

Expansive soils are mainly used as impermeable liners or covers which are prone to
volume changes and suffer from a lack of high load bearing capacity. Therefore, these soils
must be modified and improved via various methods prior to construction [40,50]. As a
step towards the sustainable development of fiber-reinforced soil structures, Abbaspour
et al. [47] and Narani et al. [40] introduced WTTF (2%) as prospective soil reinforcements
in sandy soils and expansive clays, resulting in higher load bearing capacity (up to 46.5%),
as well as swelling reduction (44%). The overall thickness of the superstructure in flexible
pavement/railway structures can be minimized due to improved load-bearing capacity
and decreased permanent deformation under repeated loadings of the WTTF-reinforced
subgrade soil [70]. Narani et al. [40] studied the effect of WTTF as reinforcing agents on
the swelling–consolidation and volumetric shrinkage of the expansive soil. As reported
in Figure 5, the volumetric shrinkage strain of the reinforced specimens with different
fiber contents (fc) of 2%, 3% and 4% decreased by 4.5%, 10.8% and 12.3%, respectively,
compared to that of an unreinforced sample in agreement with the results of Olgun [71]
who also reported lower volume changes in clay soils stabilized with polypropylene (PP)
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fiber additions (0.25%, 0.50%, 0.75% and 1.0%). These results confirm that replacing a
fraction of expansive solids (soil grains) with WTTF as a non-expansive material with
negligible water absorption (highly hydrophobic) leads to lower volume change during
drying.
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Very few investigations compared the performance/efficiency limitation of WTTF with
other fiber options (glass fibers). Valipour et al. [70] investigated the effect of WTTF and glass
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fibers (0.5, 1.0 and 1.5%) having varying lengths (5 and 10 mm) on the strength/deformation
properties of clays. They observed an increasing shear strength of the fiber-reinforced soils
in terms of higher internal friction angle (φp) and cohesion intercept (c). The maximum shear
strength for the composite soils was obtained at 1.0% glass fibers and 0.5% WTTF because
of the reinforcing effects of each fiber and their interaction. As schematically illustrated in
Figure 6, after cracking or shear banding/displacement to the fiber-reinforced soil composite,
the fibers may be distorted and pulled out from the soil matrix. If the reinforcing fibers can
sustain the applied forces before being pulled out from the soil, the stresses within the fibers
as a function of the strain level keep the soil element together, leading to increased shear
strength. The bonding stress (τB) between the fiber and the soil determines the pullout
resistance of fibers depending on the adhesion (chemical) and interlocking (mechanical and
physical) forces between the fiber and soil, as well as interfacial friction [70,72].
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When dealing with different fiber-reinforced composites, it is of great importance
to understand how the fibers type, diameter and length can affect the properties and
processing of the resulting reinforced samples. For example, an increase in fiber length
results in higher probability of fiber agglomeration, which increases the required time of
mixing [73]. For example, Tabakouei et al. [73] reinforced sandy soil with three different
lengths of fibers including WTTF, date palm (DP) and PP fibers with diameters of 71, 100
and 151 mm, respectively. In WTTF-reinforced soil, contrary to the role of fiber diameter,
an increase in fiber length contributed to higher ductility and toughness combined with
a drop of the elastic modulus due to the reduced stiffness of longer fibers compared to
shorter ones [73].

Very few investigations were carried out on the effect of fiber reinforcement on the
performance of subgrade soils. Recently, WTTF-reinforced soil structures were used as sub-
grade layers of pavements having high function in the distribution of traffic loads [74–76].
The incorporation of WTTF into a soil structure may contribute to increasing the resilient
modulus (MR), which is the material recovery ratio after a series of deviatoric stresses
applied to a specimen and expressed as:

MR =
σ

εr
(1)

where σ is the applied stress, and εr is the recoverable axial strain. Another possibility is to
use the damping ratio, which is the energy dissipated by a vibrating structure caused by
dynamic or cyclic loading and is defined as:

D =
C
Cc

(2)
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where C is the damping coefficient, and Cc is the critical damping related to the stiffness (k)
and the mass (m) via:

CC = 2
√

km (3)

In general, the overall performance of such pavements was influenced by interactions
between the materials in road layers being complex and rarely studied [76]. Abbaspour
et al. [76] investigated the response of soil subgrades as a function of WTTF concentrations
by studying the static and dynamic behavior of sandy soil. They also proposed an innova-
tive model for the resilient modulus prediction in fiber-reinforced soils. Suitable interaction
and interlocking between WTTF and soil grains was ensured due to simultaneous existence
of friction and cohesion to hold the fibers and soil grains together during slippage, leading
to increased shear strength. According to their results, adding between 1 and 4% WTTF
led to increased shear strength of the fiber-reinforced specimen, reaching up to 17.5%
improvement at a 2% fiber content compared to unreinforced soil [76].

3. Reinforced Concrete

In recent years, waste tire-filled concretes have been extensively investigated to de-
velop high strength and toughened reinforced concretes. Although the introduction of
tire rubber crumbs into cementitious material was reported to improve the resistance to
cracking, acid and sulphate attack, chloride ion penetration and sound absorption ability,
noticeable decreases in drying shrinkage resistance, as well as compressive and tensile
strengths of rubberized concretes were reported. These loses were associated with weak
adhesion between rubber particles and the cementitious matrix, as well as the formation
of more porous concrete matrices due to rubber particles’ air adhesion/entrapment and
hydrophobicity [25,77]. Angelin et al. [78] observed high porosity (void content up to 40%)
and significant density reduction (27%) of rubberized mortar due to void spaces entrapped
in the cement matrix associated with the presence of rubber aggregates (30%). Contrary
to the ductile failure mode with high deformation resistance of rubberized mortar, the
compressive and flexural strength of mortars filled with 5% rubber crumbs was reported to
be 85% and 96% of the reference specimen, respectively [79]. It is well stablished that the
addition of micro- and macro-synthetic fibers changes the brittle behavior of concrete from
brittle to plastic or quasi-plastic, resulting in significant improvement of tensile strength,
flexural strength, toughness, dynamic load resistance, energy-absorbing capacity and
cracking resistance of concrete [80].

Textile fibers derived from ELT can also act as substitutes for polymeric/synthetic
fibers such as carbon [81], PVA [82], PP [83], polyethylene (PE) [84], and steel [81] in
cement-based materials. These options received increasing attraction to resolve some of the
environmental problems caused by waste tires, as well as improving the performance and
durability of cement-based materials [38,39,85,86]. Long-term durability and performance
of cement composites can be deteriorated by plastic shrinkage cracking caused by self-
desiccation and external drying, especially for applications having large surface areas such
as slabs on grade, thin surface repairs, patching, tunnel linings, etc. [87]. To overcome this
problem, fiber reinforcement of concrete may hinder plastic shrinkage cracking since the
fibers can induce bridging forces across the cracks, preventing their growth [88]. Banthia
and Onuaguluchi [42] observed that the presence of scrap tire fibers (STF) reduced plastic
shrinkage cracking of mortar mixtures with small-sized and segmented multiple cracks
compared to large transverse cracks as in reference specimens. They claimed that the
presence of tire-derived fibers (0.1–0.4%) and polyethylene terephthalate (PET) fibers
(0.1–0.3%) both led to lower maximum crack width of fiber-reinforced mixtures compared
to a neat (unreinforced) mortar. Figure 7 shows that lower total crack area was observed
for STF and PET fiber-reinforced mortar mixtures by 74–97.5% and 96–99.4%, respectively.
This improvement was associated with increased matrix ductility and crack bridging
caused by the fibers preventing further crack initiation and propagation, as well as lower
capillary pressure in the matrix [42]. Given similar findings in different reports, it was
expected to observe higher efficiency of tire fibers in reducing plastic shrinkage cracking
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compared to that of PET fibers. However, the presence of rubber particles into the tire
fibers makes the material fluffier, resulting in an entangled mass of fibers with increased
fiber spacing. This state of the material leads to dispersion problems (inhomogeneous
distribution) and inaccurate fiber content (fluctuating mixing ratio). All these factors
contributed to less effective crack mitigation of the fiber-reinforced specimens compared
to specimens containing PET [42]. Similarly, Serdar et al. [89] concluded that compared to
neat concrete, the addition of PP fibers and WTTF produced a smaller crack width reflected
by the value of restrained shrinkage and higher stresses that the composites can withstand.
However, higher WTTF content was required (5 kg/m3) compared to PP fiber (1 kg/m3) to
reach the same properties.
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Baričević et al. [39] evaluated the effect of ELT fibers cleaning on the properties of
fiber-reinforced concrete. For this purpose, a small-scale cleaning system was designed
based on fiber residue shaking and gravitational forces, as rubber particles fell to the bottom
of the device. Figure 8 shows that the first step includes a cleaning device consisting of
four sieves (openings of 0.25, 0.71, 2 and 4 mm) placed on a shaking table at a frequency
of 1.5 Hz, while small rubber balls (top sieve) and compressed air (8 bars) were used to
increase the fiber cleaning efficiency. Partially cleaned fibers as a product of the first step
were used for further rubber–fiber separation with a shaking frequency and time as in the
first step, while a rotating airscrew was placed on top of the cleaning machine (second step)
to spin out the contaminated fibers, while all the other impurities fell to the bottom of the
sieves. A statistical analysis based on 117 samples showed that the obtained products from
the second cleaning step were composed of 65% of rubber particles, 20% contaminated
fibers with rubber, and 15% cleaned fibers with respect to the original (as-received) fibers
(Figure 9) [39].

Addition of up to 10 kg/m3 of uncleaned WTTF and up to 2 kg/m3 of cleaned
WTTF fibers showed positive effects on the stress distribution and resistance to scaling
under freeze–thaw conditions. However, compared to the neat reference mixture, further
introduction of cleaned fibers showed up to 5% compressive strength reduction, while
higher contamination of uncleaned fibers contributed to more significant decreases (25%)
because of higher air content entrapped and residual rubber (crosslinked particles) acting
as stress concentration points [39].

To improve on the previous results, several options were proposed by various re-
searchers to optimize the reinforcing efficiency of short fibers used in concrete/mortar
through fiber hybridization (two or more types of fibers blended together). The purpose of
fiber hybridization is to benefit from synergistic effects generated by each fiber with differ-
ent lengths or moduli to enhance the overall properties of the resulting composites [81,84].
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Chen et al. [90] developed a sustainable cementitious composite reinforced by a
combination of recycled tire steel fiber (RTS) (0.5, 1.0 and 1.5 vol%) and recycled tire textile
fiber (RTF) (0.5 and 1.0 vol%). To prevent the negative effect of the large numbers of
rubber particles attached to the fiber’s surface, weakening the mechanical properties, a
sieving method, as proposed by Chen et al. [38], was applied to clean the fibers from
the rubber particles and impurities (43.2% of the total mass of as-received fibers). As the
compressive strength of fiber-reinforced cementitious composite highly depends on the
interfacial interaction between the reinforcing fibers and the matrix, strong fiber–matrix
interaction leads to high load-carrying capacity. For example, Chen et al. [90] reported a
76.1% improvement of the 28-day compressive strength by increasing the RTS fiber content
from 0.5 to 1.0 vol% for a fixed RTF content (0.5%). The results were associated with good
fiber–matrix interactions within the composite [91]. However, increasing the RTF content
from 0.5 to 1.0% at fixed RTS (1.0%) decreased the compressive strength by 23.1% due to
excessive fiber content increasing the porosity in the interfacial transition zone (ITZ = the
weakest part of concrete mixtures) and cementitious matrix leading to lower compressive
strength [90].

The shear stress caused by the tensile loading transferred to the fiber–matrix inter-
face can be sustained as a consequence of the fiber bridging ability, thus delaying crack
growth/propagation [91]. As depicted in Figure 10a, the tensile strength of RTS fibers can
resist the shear stress and hence delay the crack initiation and propagation, while the accu-
mulation of tensile stress results in fiber break-up (Figure 10b). However, a hybridization
of RTF and RTS (Figure 10c) was more effective to bridge the crack rather than the presence
of RTS alone due to a synergistic effect between the combination of these fibers, which not
only improved the composites’ strength, but also their post-cracking behavior [90].
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Figure 10. Images of the fiber–matrix interaction taken via optical microscopy [90].

In a similar work, Onuaguluchi et al. [36] investigated the use WTTF as a value-
added reinforcement in cement composites through hybridization of such microfibers with
macrofibers including PP, steel hook-end (HE) and micro/macro scrap tire steel fibers (SSF).
Compared to the very low post-crack flexural residual strengths of plain mortar (0.10 MPa),
adding WTTF showed negligible improvement (up to 0.20 MPa), while hybridization of
0.35% WTTF with 0.2–0.5% HE and PP fibers led to a noticeable increase in post-crack
residual strengths ranging from 1.4 to 3.1 MPa due to the positive synergy between the
fibers [36].

Fiber-reinforced concrete with superior crack-resistance and post-cracking perfor-
mance has a wide range of potential applications including, but not limited to, pavements
(airport and highway), bridge decks, tunnel linings and offshore platforms. However,
concrete composites are generally subjected to repetitive cyclic loading during their entire
service life that may lead to gradual degradation (mechanical fatigue). Thus, optimiza-
tion of the fatigue behavior of these composites is mandatory [38,92]. Chen et al. [38]
investigated for the first time the flexural fatigue behavior of fiber-reinforced concrete
using hybridization of WTTF and PP fibers to account for two main factors: stress level
and fiber content. They found that for all their reinforced composites, the fatigue life
increased with decreasing stress level as reported in similar studies [38]. This behavior can
be associated with the high number of initial microcracks and crack propagation induced
by cyclic loading at higher stress levels facilitating failure as a result of faster cumulative
cracks inside the concrete [38,93]. As expected, the introduction of WTTF not only restricted
the formation and development of microcracks due to a fiber bridging effect, but also the
rubber crumb attached on the fibers absorbing mechanical energy during fatigue, leading
to longer fatigue life [88]. Compared to PP fibers, the distance between WTTF was lower
due to their shorter length, increasing the bridging efficiency at a single microcrack within
the matrix (more fibers are located inside each individual crack). Thus, WTTF-reinforced
concrete showed the longest fatigue life under different failure probabilities [38].

4. Asphalt Mixture

The use of ELT to reinforce asphalt mixture is considered as a sustainable solution for
paving material to minimize the cost and pollution with favorable engineering benefits [26].
Asphalt mixtures need to be resistant towards permanent deformation and cracking caused
by a lack of foundation-bearing capacity and temperature cracking (climatic effects) [94].
For example, fatigue cracking of asphalt pavements is more prevalent in cold climate
regions, while asphalt rutting more generally occurs in hot climatic regions [95]. The
main advantages of rubberized asphalt mixtures are to delay reflection cracking, reduce
traffic noise, minimize maintenance cost, and obtain hardened asphalt mixtures at high
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service temperatures since tire rubbers do not melt under heat and do not crack at low
temperatures [26,28]. Recent studies have identified potential benefits of asphalt mixture
reinforcement with recycled rubber derived from ELT grinding processes to produce tire
rubber crumbs [27,96]. For instance, it was found that tire rubber crumbs contributed
to lower temperature susceptibility and higher resistance towards moisture damage of
reinforced asphalt compared with traditional mixtures [4]. Adding tire rubber particles
produced better performances in permanent deformation resistance and rutting resistance
compared with the unmodified binder and asphalt mixture [97]. Among the various modi-
fiers for asphalt reinforcement, WTTF as a sub-product of ELT treatment have gradually
attracted more attention due to their economic and environmental benefits instead of being
disposed of in landfills or used in energetic valorization [98]. Waste tire-derived textile
fibers have the potential to increase the toughness and fracture resistance of hot mix asphalt
(HMA), as well as serve as stabilizers to hinder drain down of the asphalt binder (porous
asphalt mixtures and stone mastic asphalt (SMA) mixtures) [94,95,99,100]. WTTF can be
considered as a cheap alternative for common fibers such as PP, polyester, asbestos, cellu-
lose, carbon, glass, nylon, coconut, basalt, steel and aramid to lower the use of virgin raw
materials and develop asphalt mixtures with good resistance to aging, fatigue cracking,
moisture damage, bleeding and reflection cracking [99]. Only few studies investigated
the reuse WTTF in asphalt binder modification to induce superior performance of flexible
road pavement layers subjected to traffic loading [94,95]. As an early step to introduce
textile fibers derived from ELT in asphalt formulations, Putman and Amirkhanian [48]
used cellulose, polyester, scrap tire and waste carpet fibers (0.3% wt. for all) to reduce
the drain down of SMA mixtures. The results showed that WTTF not only prevented
drain down (drain down limit at 10.1%), but also increased the toughness of the mixture
without making any significant difference in permanent deformation of fiber-reinforced
SMA mixtures. As shown in Figure 11, Landi et al. [99] observed drain down of porous
asphalt mixtures composed of a fixed amount of bitumen (5% by mix weight) reinforced
by natural (cellulose fibers) and synthetic fibers (tire textile fibers with Nylon 6.6). They
placed 500 g of loose mixtures in glass beakers and kept them at 180 ◦C for 1 h followed
by removing the mixtures and weighing the amount of bitumen drained to the bottom of
the recipients. The beneficial effect of short fibers to prevent bitumen draining down in
porous asphalt mixtures was more significant for WTTF compared to cellulose fibers. This
observation might be ascribed to the presence of rubber aggregates stuck on the textile
fibers not only reacting with the oily components of bitumen increasing its consistency, but
also leading to a thicker bitumen film coating the aggregate particles (better compatibility
between the phases present) [99].

Figure 11. Effect of the fiber type in reducing bitumen drain down from porous asphalt mixtures [99].

Landi et al. [10] proposed an innovative approach to apply ELT fibers in asphalt
focusing on cleaning the fibrous material and its subsequent reuse as a secondary raw
material (compacted into pellets) in asphalt mixtures. In particular, they designed a
new system for ELT treatment in which the whole discarded tires were transformed into

152



Polymers 2022, 14, 3933

ground rubber particles by grinding (downsizing) followed by the removal of the metallic
fraction [10]. The fiber cleaning and compaction process to produce pellets were developed
to reuse textile fibers (contaminated with 60% rubber) and facilitated their transport and
dosage during the bitumen production [10]. The fiber cleaning step was carried out using
a dry washing machine made up of a drum and reel with forward movement through a
rotational motion, while fiber compaction was performed below the melting temperature of
Nylon 6.6 (259 ◦C) as the main component of WTTF using another machine by applying a
pressure vertically on a grid through the rotation of two cylinders around the main axis [46].
As shown in Figure 12, the use of a paraffin wax was necessary for pellets production
to allow for higher fiber compaction (10 times increase in density). The resulting pellets
were able to be loaded in mixing chambers via standard hoppers for the production of
bituminous conglomerates without significant modification of the production cycle [10].
The fatigue resistance (number of cycles to failure) and the indirect tensile modulus of
WTTF-reinforced bituminous were improved by 15% and 55% respectively, compared to
cellulose fiber-reinforced samples (Table 4) [10].
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Table 4. Comparison between two different types of asphalt with cellulose fibers and ELT fibers [10].

Property Asphalt with Cellulose Fibers Asphalt with ELT Fibers

Bitumen (%) 5.4 5.4
Filler (%) 6 6

Indirect tensile module (MPa) 4482 5212
Indirect tensile strength (MPa) 1.37 1.38

Number of cycles to failure 3085 4785

In another work, Navarro et al. [29] used the steel belts (SB) and carcass ply (CP)
of ELT (also containing textile fibers) as an anti-reflective cracking mat (ACM) within a
pavement structure (Figure 13). It was found that the presence of rubber (elastic particles)
in the ACM-CP system delayed the fatigue cracking process by absorbing a portion of the
energy applied to the specimen, thus limiting the propagation of fatigue cracks in flexible
pavement structures [29].

For fiber-reinforced asphalt, fine rubber particles sticking to tire textile fibers having
resilient properties may result in low compaction and increased air voids, making the
asphalt mixture susceptible to moisture/water/fluids at high filler content [101]. Bocci
et al. [100] evaluated the effect of WTTF for binder layers to increase the mechanical
performance of HMA. They claimed that WTTF decreased the HMA mix compatibility, and
higher filler content was required to increase the volume of the bituminous mastic up to 5%
and to decrease the air voids content to 2.4% (at a compaction energy of 180 gyrations) [100].
They also observed a substantial increase in the HMA resistance to fatigue due to the
fibers’ ability to oppose the micro-cracks evolution into macro-cracks by maintaining the
micro-crack surfaces closer together [100]. Pais et al. [94] applied fibers as a by-product
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of used truck and car tires grinding in asphalt mixtures without any treatment. They
reported that the tire-derived fiber residues were mainly composed of rubber (about 60%)
including fine crumb rubber (33.2%), large crumb rubber (24.2%), string interlaced textile
fibers (30.5%), and isolated interlaced textile fibers (12.1%). Although WTTF are susceptible
to water absorption affecting the asphalt performance and appearance, the average water
absorption of tire textile fibers was only 4.18%, which was half of the value obtained for
polyacrylonitrile and polyester fibers [102].
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From an environment and economic point of view, improving HMA performances
with elevated service life contributes to lower environmental issues of HMA-based pave-
ments with reduced demand for virgin aggregates and bitumen (serving as adhesive to
bind the HMA components), road infrastructures and energy consumption [26,27]. In
this context, Landi et al. [99] presented a life cycle assessment (LCA) of hot HMA mix-
tures by evaluating the environmental performance of a standard mixture compared to
cellulose-reinforced and WTTF-reinforced HMA mixtures. According to their results,
WTTF-reinforced HMA may have longer service lives leading to high amounts of aggre-
gates and bitumen (19.6 kg) being required during a complete life cycle perspective (a
period of 30 years was used) compared to a standard HMA (38.3 kg bitumen) and cellulose
fiber-reinforced HMA (24.3 kg of bitumen) [99]. Thus, switching from a standard HMA
to a WTTF-reinforced HMA may result in a savings of about 405 MJ as a direct result of
less bitumen being used and other raw materials being non-renewable petroleum-based
resources [99].

To limit global warming and reduce greenhouse gas (GHG) emissions, the asphalt
industries made recent efforts to develop new asphalt mixtures called warm-mix asphalt
(WMA), which are suitable for lower construction temperatures without the sacrifice of
properties [103]. As an example of limited research focusing on WMA reinforced with
recycled fibers, Jin et al. [95] investigated the effect of both scrap tire rubber and ELT fiber
on WMA modified with Sasobit (synthetic commercial wax). They observed higher crack
resistance of tire rubber–fiber-modified WMA by 24.3% and 7.7% compared to conventional
HMA and conventional asphalt mixture, respectively [95].

5. Rubber Aerogel

Successful application of WTTF in insulation products has attracted a great deal of
interest as environmental and economic incentives to recycle waste tire fiber residues [10].
Due to industrialization and rapid urbanization, noise pollution caused by road traffic,
construction sites, industries or social activities have raised concerns as important health
issues. Prolonged exposure to noisy environments may cause stress, insomnia, cardiac
dysfunction and high blood pressure [104]. For instance, the Ministry of Manpower
(Singapore) reported in 2019 that noise pollution adversely affected the lives of about
75.49 thousand workers in the industry, having disability or other medical problems [105].

Sound insulators are categorized into resonant and porous insulation materials ad-
dressing the above-mentioned issue by absorbing the sound energy during a noise propa-
gation process. Despite the limited efficiency of resonant materials caused by their narrow
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absorption frequency bands and their heavy weights, porous materials can be applied
in a wide range of sound absorption frequencies with a wide range of structural de-
signs [104,106]. However, the high thicknesses of sound absorption materials prevent
their efficiency in viscous–thermal acoustic energy practices. This indicates the urgent
need to develop high-value products such as aerogels [107]. Aerogels are highly porous
(70–99%) materials with an ultralow thermal conductivity (0.012–0.050 W/m.K), an ex-
tremely low density (0.003–0.5 g/cm3), large specific surface area (520–1590 m2/g) and
outstanding acoustic insulation properties. These materials are now being used for both
noise and thermal insulations/filters (building insulation materials), as well as for oil
absorption [107,108]. The development of rubber aerogels having very low density, high
porosity and high compressibility not only has wide potential markets (heat and sound
insulation, oil cleaning applications, etc.) and environmental benefits (minimize the risks
of soil pollution and groundwater contamination by waste tire landfill, reducing the sol-
vent exchange steps in the synthesis procedure by using water instead of toxic organic
solvents), but can also address the waste generation issues of the tire industries. Rub-
ber aerogels were first introduced by Thai et al. [109] as they prepared rubber aerogel
crosslinkers through a freeze-drying method using WTTF, PVA and glutaraldehyde (GA)
(crosslinking agent). The WTTF (30–50 µm diameter, 1–1.8 cm length) were soaked in
acetone inducing a hydrolysis reaction, followed by swelling and sonication (80 ◦C for
20 min) in an acetone/PVA/GA/H2O mixture for crosslinking. The cured mixture (85 ◦C
for 3 h) was gelled in a refrigerator and then freeze-dried to obtain a rubber aerogel as
shown in Figure 14b. Figure 14d shows that the presence of PVA led to the formation
of hydrogen bonds and ester bonds between the carboxyl groups of the polymer chains
in WTTF, mainly composed of Nylon 6.6, and the oxide group of PVA chains, while the
addition of GA further reinforced the WTTF-PVA structure as a result of acetal bridges
being formed between the oxide groups of the polymer fibers and PVA chains [109].

Figure 14. (a) Raw WTTF obtained from shredding the car tire waste, (b) A4-size rubber aerogel,
(c) high flexibility of the rubber aerogel and (d) proposed formation mechanism between the WTTF
and the crosslinkers inside the rubber aerogel [109].

Based on the acoustic insulation properties of rubber aerogels (Figure 15), the 11.2 mm
thick aerogel containing 4.0 wt.% WTTF showed the best sound insulation (highest ab-
sorption coefficient). This observation can be related to the high fiber–fiber contact area
and fiber entanglements at high WTTF loading (4.0 wt.% for RB 04 sample) contributing
to more energy being lost (dissipated) by the propagating sound waves due to increasing
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surface friction and internal frictional losses [109]. The rubber aerogel not only showed
better acoustic performance than the commercial foam absorber Basmel®, but also its oil
absorption capacity was competitive compared to commercial PP and polyurethane (PU)
sorbents [109–111].
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From an environmental point of view, it is also of great importance to develop aerogels
for the removal of oil contaminants from oil-polluted waterways to safeguard aquatic and
terrestrial lifeforms. Although silica aerogels are widely used to cope with oil spills, organic
pollutants and industrial oil wastewater, complex and expensive manufacturing combined
with the fragility of these aerogels prevent their widespread application, as high mechanical
strength is required for specific applications [112,113]. Recent research on rubber aerogels
was devoted to design and produce aerogels via a simple method showing very high oil
absorption capacity, about two times more than conventional oil sorbents [114]. Figure 16
shows that water, as an eco-friendly solvent, is used for aerogel fabrication, which is very
fast (about 15 h) compared to other sol–gel methods [115], taking more than a week to
convert the hydrogels into aerogels [114]. The freeze-drying process was used to fabricate
rubber aerogels based on WTTF, PVA and co-crosslinkers (GA) without shrinkage. In
addition, methyltrimethoxysilane (MTMS) coating was applied onto the aerogel surface,
inducing a very stable super-hydrophobic property (water contact angles of 147.9–153.8◦)
for over a period of six months, contributing to a high absorption capacity of 25.0 g/g. The
super-hydrophobicity and high porosity of rubber aerogel promote its oil absorption by
providing extra storage space for oil in the inner pores of the aerogel [114]. The addition of
fiber up to 1.0 wt.% led to the lowest density (0.020 g/cm3) and highest porosity (98.3%) of
the aerogels, resulting in a maximum oil absorption capacity (25.0 g/g) similar to cellulose-
based aerogels [116], and 2.6 times more important than polyacrylonitrile fiber-reinforced
silica aerogels [117]. Furthermore, further increases in fiber content up to 5 wt.% decreased
the absorption capacity to only 6.4 g/g due to a more compact network and denser structure,
leading to less air pockets and decreasing the porosity and providing less space for oil
penetration [114].

In general, the aerogel fabrication process controls the gel formation, while the dry-
ing steps determine the final structure and properties of aerogels [115,118]. Contrary to
cellulose-based aerogels or silica aerogels that are highly brittle, the addition of scrap
tire textile fibers is expected to improve the mechanical properties of rubber aerogels to
undergo high deformation, especially for bending and folding without failure of the porous
structure [33,105]. The presence of an interconnected network between the tire fibers and
PVA enables the rubber aerogels to withstand the applied stresses and prevents overloading
of the fibrous structure, resulting in significant geometric deformation under compres-
sion. As shown in compressive strain–stress curves (Figure 17a,b), rubber aerogels present
three regions of compressive deformation including elastic deformation (strain ε < 2%),
compaction (2% < ε < 60%) and densification (ε > 60%) [105]. The plateau area beyond
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the yield point is related to the rapidly collapsing porous structure during compressive
testing, as the stress slowly increases with increasing compressive strain (ε < 60%), while
the specimens experience a sharp increase in stress due to densification at ε > 60% [105,119].
As shown in Figure 17c, deformation of the larger pores (ε > 60%) and densification of the
smaller pores beyond 60% strain resulted in a high level of strain absorption. As a func-
tion of WTTF content (1–5 wt.%), incorporation of 5 wt.% rubber fiber led to a maximum
Young’s modulus of 965.6 kPa, which is much higher than that of Styrofoam (commercial
aerogel) and within the range of silica aerogels (0.1–10 MPa) [33,105]. It was observed that
increasing the WTTF content increased the compression resistance of aerogels to undergo
large deformations without fracture. Figure 17d shows that the introduction of WTTF into
the porous structure substantially increased the recovery performance by up to 2.7 times as
a result of reduced porosity, thereby decreasing shrinking and preserving the structural
integrity of the aerogels [105].
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Thermal insulation is an important parameter in the design and fabrication of rubber
aerogels, reflecting their overall performance by aiming at energy savings and minimizing
carbon emissions. The thermal conductivity of the solid and gas phases play dominant
roles on the thermal insulation efficiency of aerogels as lightweight structures. The heat
transported via convection in the gas phase due to the displacement of molecules under
a pressure gradient should be minimized by partially closed cells and pores smaller than
the mean free path of gas (<70 nm) [33,120]. According to the literature, the thermal
conductivity of rubber aerogel increases with increasing WTTF content because of more
filled up volume at high fiber loading, resulting in lower porosities where the total volume
of the voids within the aerogel structures is decreased. Therefore, the thermal conductivity
of the rubber aerogels increased due to less air being trapped in the voids [33]. For
instance, Thai et al. [109] reported increasing thermal conductivity of rubber aerogels
based on WTTF and PVA from 0.035 to 0.047 W/m·K with increasing fiber concentration
(1–5 wt.%) as a result of lower porosity (97.1% to 88.0%). Increasing the PVA content from
1 to 2 wt.% at fixed WTTF content (2 wt.%) contributed to lower thermal conductivity
(from 0.049 to 0.038 W/m·K) because of increased porosity of the rubber aerogels (93.1%
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to 95.7%) [109]. The Pham and Phan-Thien [121] model can predict the low thermal
conductivity of rubber aerogels indicating that the thermal conductivity of a three-phase
composite aerogel (WTTF, PVA, air) is controlled by the volume fraction of each component
and the thermal conductivity of air (0.026 W/m·K) [122], WTTF (0.45 W/m·K) [105] and
PVA (0.40 W/m·K) [122]. Thus, the low thermal conductivity of rubber aerogels depending
on the volume fraction of air can be minimized by varying the tire textile fibers and PVA
contents and increasing the overall aerogel porosity [105].
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pressure gradient should be minimized by partially closed cells and pores smaller than 
the mean free path of gas (<70 nm) [33,120]. According to the literature, the thermal con-
ductivity of rubber aerogel increases with increasing WTTF content because of more filled 
up volume at high fiber loading, resulting in lower porosities where the total volume of 
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Figure 17. (a) Compressive stress–strain curves of rubber aerogels with various contents of WTTF
and constant PVA content (1 wt.%). (b) Compressive stress–strain curves of rubber aerogels at various
PVA contents and constant WTTF content (2 wt.%). (c) Schematic description of the changes in the
cellular structure with compressive deformation. (d,e) Recovery performance of rubber aerogels after
compression with varying contents of WTTF and PVA [105].

6. Blending with Polymers

Polymer composites comprising polymer matrices and fibers (natural/synthetic) are
of high interest to achieve good physical, mechanical, thermal and dynamic properties at
affordable cost. Fiber-reinforced polymer composites find a wide range of applications
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in construction, automotive, electronic, packaging and biomedical sectors [123]. Among
the different short fibers available, a wide range of natural fibers are now investigated:
hemp [124], flax [125], bamboo [126], jute [127], rice husk [128], coconut husk [129], and
pineapple leaf [130]. They are extensively being used as reinforcements in composites,
especially as alternatives to petroleum-based materials. Natural fibers have significant
advantages over synthetic reinforcements (glass, carbon, aramid, etc.) such as low cost,
low density, non-toxicity, renewable and biodegradable, with limited waste disposal prob-
lems [123]. However, several challenges are associated with natural fibers such as high
moisture content/absorption, poor compatibility with most matrices, low fire resistance,
and low impact strength [131]. Several reviews are available on the conventional processing
routes and critical issues associated with natural fiber-reinforced composites [132], chemical
interaction between natural fibers and matrices [133], and effects of interfacial adhesion on
the strength of short fiber-reinforced composites [134]. Although a large body of literature
is available on hybrid fiber-reinforced composites, there is a limited number of studies on
WTTF as reinforcements into polymer composites [43,44,135].

Marconi et al. [136] investigated the environmental effects of reusing tire textile fibers
as a second-life material to reinforce plastic compounds. In terms of climate change and
fossil depletion, reusing WTTF in plastics compounding is the best scenario to prevent
the emissions of toxic substances through fiber incineration and saving fossil fuels (coal,
oil, etc.), as well as decreasing the amount of virgin plastics consumed. However, due
to a lack of interest for scrap tire textile fibers contaminated with crumb rubber, they are
rarely blended with polymer matrices (thermoplastic, thermoset and rubber) [43,44,135].
Additional cleaning processes (centrifugal separation) are required to remove most of the
rubber particles (vulcanized) that may act as defects in polymer composites, degrading the
performance and durability of the resulting products, as well as making the processing
more difficult (extrusion and injection) for a polymer compound [137]. In recent years,
WTTF (about 10% by weight of ELT) has gained more interest to develop sustainable
polymer composites with potential applications (geotechnical engineering and construction
materials, insulation products, polymer compounds, etc.) and to reduce the effect of waste
polymers in landfills and toxic gas emission. For example, Zhang et al. [135] used ELT-
derived textile short fibers to produce rubber composites from GTR through mechanical
milling. They developed a system of stress-induced mechanochemical devulcanization of
waste tire rubber mixed with textile fibers through pulverization at ambient temperature.
The introduction of 5 wt.% WTTF through co-milling of fibers mixed with GTR resulted
in higher tensile strength (9.5 MPa) than pan milling of the compound (6 MPa) due to
improved interfacial adhesion minimizing voids formation, possibility at the ends of
the fibers during straining, and hence retarding crack initiation [135]. Strong adhesion
between the fibers and devulcanized rubber is responsible for better stress transfer from the
matrix to the fibers, leading to increased tensile strength and less probability of specimen
failure [44]. Rubber compounds with longitudinal fiber direction showed higher tensile
properties than in the transverse direction at low fiber content (5 wt.%) due to higher
overall strain resistance and growing crack inhibition, while further increases in WTTF
content up to 20 wt.% led to fiber entanglement, preventing unidirectional orientation in
the composites [135].

Irrespective of fiber cleaning efforts, tire-derived fibers always contain some impurities
and rubber crumbs which are major obstacles to their recycling and are used in polymer
composites. Nevertheless, Moghaddamzadeh and Rodrigue [43] reported significant
amounts of rubber particles sticking on the fluffy fibers with high fiber entanglement.
The average diameter of the fibers was about 20 +/− 2 mm (Figure 18c) with an average
length of 2500 +/− 1500 mm (Figure 18a,b), while the rubber particles size distribution was
roughly 90 +/− 10 mm (Figure 18d). In addition, energy dispersive spectroscopy (EDS)
analyses confirmed the presence of impurities such as metal atoms (Al, Cu and Zn) and
other additives (processing/vulcanization package) or polymeric materials used in tire
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formulations [43]. For example, aluminum silicates are common reinforcing fillers in tire
structures, while sulfur and zinc oxides are used for rubber curing [138].
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Landi et al. [10] used TGA on WTTF (Figure 19A) to compare the curve with Nylon
6.6 (Figure 19B) and confirmed the composition of the textile fibers. Furthermore, Moghad-
damzadeh and Rodrigue [43] claimed that polyester was the main component of their
WTTF using DTG and DSC, as well as FTIR showing the presence of specific peaks for car-
bonyl (C=O) (1711 cm−1), hydroxyl (O–H) (3410 cm−1), aromatic ring (1632 and 1409 cm−1),
aliphatic C–H stretching (2917 and 2850 cm−1), and C(O)–O stretching (1239 cm−1) of the
ester groups in PET (Figure 19C). In a similar work, Onuaguluchi and Banthia used infrared
spectra of the as-received WTTF and known polyester fabric to confirm by matching the
spectra that both materials were polyester fibers [42]. Thus, the temperature to process
WTTF as reinforcement in thermoplastic matrices needs to be lower than the melting point
of Nylon 6.6 (259 ◦C) [46] or PET (253 ◦C) [43] as the main components of fiber residues.
Nevertheless, the thermal degradation of the residual rubber particles on the fiber’s sur-
face is around 180–185 ◦C [139]. Thus, polyolefins (PP, PE, etc.) having good mechanical
properties, excellent processability, low cost and high availability are appropriate matrices
for melt blending with WTTF [136].

It is expected that melt blending of a polymer matrix with fiber residues contaminated
by rubber particles as vulcanized materials with crosslinked network (not melting) would
lead to poor mechanical properties due to low compatibility/interactions between the
phases [140]. This is why Ferreira et al. [141] investigated the mechanical recycling of
tire textile fibers by using a hybrid system based on recycled polyethylene terephthalate
(rPET) reinforced by glass fibers and waste polyamide (W-PA) fibers from scrap tires.
They observed low tensile properties of the composites attributed to the presence of the
remaining rubber particles in W-PA despite the purification performed in the polyamide
fiber wastes.
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In agreement with the results of several independent research groups, Fazli and
Rodrigue also reported low affinity between thermoplastic polyolefin matrices and GTR
particles due to the crosslinked structure of tire rubber (not melting), resulting in poor
compatibility and low interfacial adhesion [142,143]. Thus, the tensile strength of recycled
high-density polyethylene (rHDPE) decreased from 19.0 to 10.6 MPa with the addition
of 20 wt.% GTR, in agreement with similar reports [124,144,145]. Although GTR particles
can undergo devulcanization (break-up of the crosslinked network via C-S and/or S-S
bonds scission) to promote rubber chain mobility/interaction with the polymer matrix,
the rupture of rubber hydrocarbon chains during devulcanization may lead to a drop
in molecular weight (MW), thus decreasing the mechanical properties of the resulting
composites [2,144]. Therefore, it is of great importance to find a solution for incompatibility
issues and performance of tire textile fiber-reinforced composites to compensate for the
loss of mechanical properties caused by rubber contamination (stress concentration point).
Moghaddamzadeh and Rodrigue used styrene–ethylene–butylene–styrene-grafted maleic
anhydride (SEBS-g-MA) as a compatibilizer having a similar structure with polyolefin and
fibers to modify the interfacial interactions and mechanical properties of WTTF-reinforced
composites [140,146]. Adding 10 wt.% SEBS-g-MA increased the tensile strength of linear
low-density polyethylene (LLDPE)/WTTF (75/25) by 14% (10.3 MPa to 11.7 Mpa), which
was attributed to improved stress transfer from LLDPE to the reinforcements and good
compatibility between styrene (SEBS) and PET (main component of tire textile fibers),
ethylene–butylene blocks of the compatibilizer with PE, and maleic anhydride groups with
PE, hydroxyl and carboxylic end groups of PET [140]. Figure 20 shows that the introduction
of SEBS-g-MA contributed to higher elasticity of the compatibilized samples compared to
uncompatibilized ones as a consequence of reduced surface tension between the phases,
thus improving interfacial stress transfer from the matrix to fibers. However, the processing
conditions also have an important effect on the final properties of multiphase systems.
As illustrated in Figure 20b, at constant fiber content (50 wt.%), increasing the extruder
screw speed from 110 rpm (L-501) to 180 rpm (L-508) and 250 rpm (L-502) decreased the
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fiber’s aspect ratio due to increased applied shear, leading to higher surface area and
elasticity [146]. Figure 20 also reports on the effect of temperature on the final composites
as determined via dynamic rheological measurements, which are very sensitive to the
composition and structure on the samples.

Figure 20. Dynamic elastic modulus as a function of angular frequency to determine the effect of:
(a) RTF content, and (b) extruder screw speed [146].

According to the literature, incorporation of short fibers into plastics results in signifi-
cant increases in tensile and flexural modulus (high rigidity) at a cost of reduced elasticity
and impact strength, resulting in brittle composites [131,147]. Kakroodi et al. [124] reported
that adding 30% hemp fibers to maleic anhydride-grafted polyethylene (MAPE) as the
matrix increased the tensile modulus by 67% (from 104 to 184 MPa) and tensile strength by
30% (9.1–11.7 MPa) compared to the neat matrix, which did not break under Charpy impact
testing (room temperature). However, the presence of hemp fibers (10–60%) significantly
decreased the impact strength (from 369.2 to 127.5 J/m).

In recent years, the introduction of recycled tire rubber into fiber-reinforced composites
is considered as an effective approach for impact strength modification of composites.
However, this improvement strongly depends on the blend composition and mixing
conditions. Kakroodi and Rodrigue [148] observed higher impact strength of composites
(15% flax fiber) by 38% with the addition of only 15% GTR. However, the tensile strength
substantially decreased from 17.5 to 11.6 MPa (34% decrease). Fazli and Rodrigue proposed
a new approach for impact modification of polymer composites reinforced with RTF
through incorporation of a surface-coated RR with compatibilizer [44]. As illustrated
in Figure 21, a masterbatch of reclaimed rubber and MAPE was produced prior to melt
blending of RTF and the thermoplastic matrix to ensure good surface coverage of rubber
particles with the compatibilizer. Table 5 presents the tension and flexion properties of
rHDPE-based composites filled with RR, and a mixture of RR/WTTF. The results suggest
that melt blending of recycled tire rubber (35–80%) with thermoplastic (rHDPE) led to
lower tensile strength (13–4.7 MPa) compared to the matrix (19 MPa) due to very low
compatibility between both phases, resulting in voids around rubber particles (stress
concentration points) and promoting interfacial debonding. The addition of RTF (20 wt.%)
increased the tensile and flexural moduli of fiber-reinforced rubberized composites up to
246.5 and 405.6 MPa, respectively, imparting higher stiffness and resistance to deformation.
The interaction of the maleic anhydride group (MAPE) with the hydroxyl group on the
carbon black surface or carboxyl groups of rubber particles contributed to improved
stress transfer and increased the tensile strength of the compatibilized composites [44,145].
Successful application of the methodology proposed by Fazli and Rodrigue resulted in a
substantial increase in impact strength for composites filled with 20% RTF and 45% or 60%
of RR/MAPE (70/30) compound leading to 49% (from 246.5 to 368.2 J/m) and 44% (from
275.6 to 398.7 J/m) improvements. The presence of MAPE surface-coated RR delayed crack
growth and propagation due to a uniform filler dispersion in the matrix via thick and soft
interphase-surrounded rubber, resulting in more energy dissipation [44].
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Table 5. Mechanical properties of the samples produced [44].

Sample Tensile Strength
(MPa)

Young’s Modulus
(MPa)

Tensile Strain at Break
(%)

Flexural Modulus
(MPa)

rHDPE 19.0 (0.3) 427.1 (14.9) 949.2 (26.4) 594.4 (11.3)
HR35 13.0 (0.3) 191.2 (4.3) 38.1 (4.8) 384.1 (3.5)
HR50 9.2 (0.3) 152.3 (3.2) 44.2 (7.2) 281.8 (5.4)
HR65 7.7 (0.1) 99.3 (4.2) 56.7 (5.3) 189.4 (3.8)
HR80 4.7 (0.4) 32.5 (5.4) 77.9 (8.6) 103.6 (4.7)

HR15F 9.5 (0.1) 246.5 (6.1) 30.2 (6.1) 405.6 (2.1)
HR30F 9.2 (0.3) 170.5 (6.6) 36.4 (4.9) 308.5 (3.8)
HR45F 7.4 (0.2) 109.3 (4.7) 45.3 (6.4) 202.7 (3.5)
HR60F 4.9 (0.1) 45.8 (5.2) 65.2 (5.7) 134.7 (2.9)

HR15F * 13.2 (0.2) 277.3 (4.9) 64.5 (8.2) 437.9 (3.4)
HR30F * 12.1 (0.2) 212.2 (5.3) 87.6 (7.9) 384.6 (4.5)
HR45F * 9.8 (0.1) 126.5 (3.6) 138.2 (7.6) 262.5 (4.2)
HR60F * 8.8 (0.4) 80.9 (4.5) 172.3 (8.3) 182.7 (5.1)

Rx: RR wt.% (x) blended with rHDPE (wt.%). RxF: RR wt.% (x) blended with 20 wt.% of FF (F) and rHDPE (wt.%). RyF *:
RR/MPAE wt.% (y) blended with 20 wt.% of FF (F) and rHDPE (wt.%).

7. Conclusions

This review presented a comprehensive overview on the recent progress in waste
management of WTTF produced as a waste in ELT treatment. The complexity of the
recovery and recycling of WTTF is due to fiber contamination with rubber particles, metal
wires and impurities that must be separated during the recycling process to improve the
performance of the recycled waste for subsequent reuse as a secondary raw material in
future applications. The main conclusions of this review can be classified as:

1. Introduction of WTTF as soil reinforcement contributes to increase the load-bearing
capacity of expansive soils while decreasing their swelling. The presence of WTTF in
expansive subgrade results in the reduction of permanent deformation under repeated
loadings and lower volumetric shrinkage strain.

2. Inclusion of WTTF in concrete composites can minimize plastic shrinkage cracking
due to the fibers bridging effect across the cracks, preventing their growth. The fiber
bridging effect of WTTF can be enhanced by its hybridization with steel fibers to
increase the compressive strength of concrete composites.
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3. WTTF have high potential to increase the toughness and fracture resistance of HMA,
as well as serving as stabilizers to hinder drain down of the asphalt binder (porous
asphalt and SMA mixtures).

4. Tire-derived textile fibers are potential candidates to produce ultralight and highly
porous aerogels with strong mechanical performance (to be bent and folded without
failure) through simple, cost-effective and time-saving fabrication methods showing
great acoustic performance (sound insulation) and oil absorption capacity competitive
with commercial sorbents.

5. A fiber cleaning step is highly recommended for melt blending of WTTF with poly-
mers to avoid difficult processing (increasing viscosity) and poor mechanical prop-
erties (low compatibility). Recent progress in processing WTTF-reinforced polymer
composites reported a substantial increase in impact strength by the introduction
of surface-coated fillers to postpone failure due to the presence of a thick and soft
interphase surrounding the rubber particles and fibers, resulting in more energy being
dissipated before complete failure.

For future developments on WTTF recycling, the next steps should focused on better
fiber cleaning efficiency (above 65% fiber purity) using simple processes (mechanical),
develop new applications (floor mats, dampers, containers (recycling bins), automotive
sector parts, wheels, gaskets, sports equipment, etc.) and find new markets/innovative
products made from 100% recycled materials to reduce our environmental impact even
more and find the best performance/cost ratio for value-added products.
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Abstract: Valorizing agricultural wastes to preserve food or to produce functional food is a general
trend regarding the global food shortage. Therefore, natural preservatives were developed from the
seed waste of the cluster bean and the common bean to extend the shelf life of fresh buffalo meat
steak and boost its quality via immersion in high-solubility peptides, cluster bean protein hydrolysate
(CBH), and kidney bean protein hydrolysate (RCH). The CBH and the RCH were successfully
obtained after 60 min of pepsin hydrolysis with a hydrolysis degree of 27–30%. The SDS-PAGE
electropherogram showed that at 60 min of pepsin hydrolysis, the CBH bands disappeared, and RCH
(11–48 kD bands) nearly disappeared, assuring the high solubility of the obtained hydrolysates. The
CBH and the RCH have considerable antioxidant activity compared to ascorbic acid, antimicrobial
activity against tested microorganisms compared to antibiotics, and significant functional properties.
The CBH and the RCH (500 µg/mL) successfully scavenged 93 or 89% of DPPH radicals. During
the 30-day cold storage (4 ◦C), the quality of treated and untreated fresh meat steaks was monitored.
Protein hydrolysates (500 g/g) inhibited lipid oxidation by 130–153% compared to the control and
nisin and eliminated 31–55% of the bacterial load. The CBH and the RCH (500 µg/g) significantly
enhanced meat redness (a* values). The protein maintained 80–90% of the steak’s flavor and color
(p < 0.05). In addition, it increased the juiciness of the steak. CBH and RCH are ways to valorize
wastes that can be safely incorporated into novel foods.

Keywords: legume; wastes; enzymatic hydrolysis; protein; antioxidant; antimicrobial; buffalo meat
steak; cold storage

1. Introduction

A short life distinguishes fresh products as they are an excellent medium for micro-
bial growth and prone to lipid oxidation. The increase in microbial load and oxidation
rate in food causes considerable economic losses and ethical problems worldwide. The
deterioration in color and sensory traits of fresh meat is an obvious consequence of these
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problems [1]. Cutting fresh meat in steak form can effectively and efficiently ease the
incorporation of additives that can enhance storage stability.

The Food and Agriculture Organization (FAO) revealed that food waste and food loss
occur when “the quantity or quality of food decreases along the food supply chain” [2].

Food-spoiling microorganisms are the leading cause of food waste and loss. Approxi-
mately 20% of global meat production is lost due to microbial contamination. Controlling
the population of microorganisms in animal products is one of the most important ways
to reduce food waste [3]. In theory, increasing the levels of preservatives in food could
be a solution to this problem. However, consumers dislike chemical preservatives that
extend food shelf life [4]. As a result, there is a demand for natural alternatives to chemical
preservatives.

Antimicrobial peptides (AMPs) are compounds that represent the first line of defense
in plants, animals, and microbes against pathogenic microorganisms [5].

Biologically active peptides derived from vegetable wastes, especially legumes by
enzymatic hydrolysis, are promising alternatives to chemical preservatives as they can
extend the shelf life of food by inhibiting microbial contamination and food components’
oxidation. They are also biocompatible and biodegradable in vivo [6].

Enzymatic hydrolysis increased the human diet’s long-term bioavailability of amino
acids, besides enhancing their absorbance through the small intestine [7]. Additionally,
the protein hydrolysates have various activities. Recently, chickpea protein hydrolysate
by chymotrypsin was isolated as an antimicrobial peptide against various foodborne
pathogens, and it can be used as a food preservative [8]. A 2 h Flavourzyme-gram bean
hydrolysate is characterized by a distinct structure and significant antioxidant activity [9].
Therefore, the application of these enzymatic hydrolysates has a significant impact on food
formulation. Many trials are proceeding to incorporate various protein hydrolysates as
potential natural preservatives into meat products and juices [10–12].

The antimicrobial mechanism of AMPs is briefed on reacting with certain parts of
the bacterial membrane, such as anionic phospholipids and lipopolysaccharides, which
break down the membrane and kill the bacteria [13]. The reaction may depend on peptides’
hydrophobicity by binding the hydrophobic groups in the membrane. Additionally, in
ionic/electrostatic interactions, the peptides are deposited on the bilayer surface, causing
cellular membrane flux and disintegration [14,15]. Furthermore, amphipathicity, when
peptides contain hydrophobic and hydrophilic residues, both previous mechanisms may
be functioning. In addition, peptide length plays a critical role; short peptide has a good
amphipathic structure with powerful antimicrobial activity [16,17].

Legume wastes, i.e., broken seeds, which consumers do not prefer, are precious sources
of nutrients, especially protein [18]. However, many of these biomaterials do not get used
and wind up in municipal landfills, causing major environmental problems and negative
economic impacts. Therefore, managing massive amounts of various degradable materials
is challenging [19].

Several studies highlighted the extraction of protein from food wastes (FW). They
concerned the extraction of protein from FW to strengthen the concept of recycling and to
utilize valuable extracted protein from FW as an equally valuable recycled ingredient and
product to induce sustainability. So, the extraction processes often target protein yield, and
they must be environmentally greener. Enzymatic hydrolysis in our study achieved this
equation by excluding harsh chemicals. The extraction steps of protein from food waste are
of prime importance to maximize protein yield and quality, where polysaccharide removal
may affect protein solubility. Solubility is a marker of protein extractability. Tabal et al. [20]
provided a new protein hydrolysate from pigeon pea milling waste (26% protein) for use
in food formulation. In addition, Tassoni et al. [21] highlighted the use of pea, bean, and
chickpea agro-industrial wastes in preparing protein for the formulation of feed, food,
cosmetic, and packaging products.
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However, there are no studies on valorizing the unwanted cluster bean (52% pro-
tein) and common red bean (25% protein) seeds to produce novel, eco-friendly protein
hydrolysates and incorporate them in food formulation.

Cluster bean or guar (Cyamopsis tetragonoloba) is a valuable legume. Its seeds contain
52.6% protein and high mineral and vitamin content, mainly Fe and Vitamin C [22]. Green
or dried seeds have numerous medicinal and industrial applications for humans and
animals [23]. Additionally, red kidney beans (Phaseolus vulgaris L.) are an excellent source
of protein (20–40%), consumed as an inexpensive protein source in many developing
countries [24].

In this study, we explored novel pepsin protein hydrolysates from cluster bean
and common red bean wastes (CBH and RCH) which have not been used in previous
studies—that were chemically characterized by SDS-PAGE. Functional properties, e.g., the
hydrolysate’s solubility, water-holding capacity, and oil holding capacity were evaluated
and associated with their activities (antioxidant and antimicrobial). Buffalo meat steak was
covered with CBH and RCH hydrolysates and stored for 30 days under cold conditions,
while continuously monitoring the chemical and microbial changes.

2. Materials and Methods
2.1. Protein Hydrolysates Isolation

The seed wastes of the cluster (Cyamopsis tetragonoloba) and kidney beans (Phaseolus
vulgaris L.) were finely ground by a Moulinex blender (FP823125, France). The powder was
homogenized in hexane (1:3, w:v). The protein was isolated from defatted powder as per
Millan-Linares et al., [25]

The cluster bean and the common bean protein isolates were blended with pepsin
(0.5%), homogenized in acidic phosphate buffer pH 2, and put in a heat bath (37 ◦C) for
intervals of 0, 30, 45, and 60 min. The enzyme was inhibited at 90 ◦C for 15 min. The
solution was centrifuged at (14,000× g, 5 min) to obtain CBH and RCH, lyophilized, and
kept for further analysis [11,26].

2.2. The Degree of Hydrolysis (DH)

The %DH of cluster bean and common bean protein isolates after 0, 30, 45, and 60 min
were determined by Holye and Merrltt [27]. A total of 100 µL of Trichloroacetic acid
(10%) was added to 100 µL of protein isolates, then centrifuged under cooling at 12,298× g
for 10 min. The total nitrogen in the supernatant protein and TCA was measured by the
Kjeldahl method [28].

2.3. Characterization of Cluster Bean and Common Bean Hydrolysates
2.3.1. SDS-PAGE

After pepsin hydrolysis for 30 and 60 min, the protein hydrolysates were separated by
discontinuous SDS-PAGE (18%) (Arabian Group for Integrated Technologies “Agitech”,
New Cairo, Egypt). The buffer system was (Tris HCl, pH 6.8 for staking gel, and Tris HCl,
pH 8.8 for resolving gel) following Laemmli [29]. A total of 5 µL of protein in loading
sample buffer was loaded in each well. A 5 to 245 kDa Tris-Glycine marker was embedded
to configure the detected bands in electropherogram, which was stained by Coomassie
brilliant blue.

2.3.2. Physicochemical Analysis of Hydrolysates

The suspensions of protein hydrolysates and seed residues were served for the fol-
lowing analysis. Moisture content was determined using AOAC method 925.10 [28]. The
protein content was evaluated by elemental microanalysis as % nitrogen content × 6.25,
using a NB9830 full automatic kjeldahl protein analyzer by AOAC method 920.87 [28]. The
ash content was evaluated using the direct ignition method (550 ◦C for 25 h), AOAC method
923.03 [28]. The fat content was determined using AOAC method 945.16 [28]. Carbohydrate
content was determined by difference. Carbohydrate was calculated by subtracting the sum
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percentage of moisture, protein, fat, ash, crude and dietary fiber. The protein hydrolysates
used in the following analysis were obtained after 60 min of pepsin hydrolysis.

2.3.3. Functional Properties of Protein Hydrolysates
Solubility

The solubility of CBH and RCH (60 min of pepsin hydrolysis) was estimated at
different pH (2–10) according to the method described in Saad et al. [12], with some
modification. The CBH and the RCH (0.1 mL) were suspended in 25 mL of distilled water,
stirred for 45 min at 45 ◦C, while adjusting pH, and then centrifuged under cooling at
(5000× g, 10 min) to estimate the total nitrogen in the protein supernatant using the Kjeldahl
method [28], which was then applied in Equation (2).

Solubility (%) =
Amount o f protein in the supernantent

Amount o f protein in sample
× 100 (1)

Water Absorption Capacity

In weighted test tubes, 100 mg of CBH and RCH were stirred with 10 mL of sterilized
distilled water for 30 min. The tubes were centrifuged at 6000× g for 30 min. The super-
natant was suspended, then the tubes remained tilted at 45◦ for 30 min until the surface
water was broken, then reweighted [30].

water absorbing capacity =
absorbed water (g)
sample weight (g)

(2)

Oil Absorption Capacity

In weighted test tubes, 500 mg of CBH and RCH were homogenized in 10 mL of
oil for 30 min. The tubes were centrifuged for 30 min at 6000× g, the supernatant was
discarded, and the tubes were left upside down for 30 min to remove surface oil before
being reweighted [30].

oil absorbing capacity =
absorbed oil (g)

sample weight (g)
(3)

2.4. Total Phenolic Compounds (TPC) in the Hydrolysates

Total phenolic content was determined by the Folin–Ciocalteu reagent according to the
method of Müller et al. [31]. In brief, in a 96-well microplate, 20 microliters of CBH and RCH
obtained after 60 min pepsin hydrolysis were added to 100 microliters of Folin–Ciocalteu
reagent and 75 microliters of Na2CO3 solution (7.5%), then incubated for 60 min in the dark.
The absorbance was read at 765 nm by a microplate reader. The total phenolic content was
expressed as g gallic acid equivalent/mL of protein by applying the following equation:
y = 0.004x + 0.1257.

2.5. Biological Activity of Pepsin Protein Hydrolysates
2.5.1. Antioxidant Activity

The scavenging potential of the DPPH free radical was determined as per Gali and
Bedjou [32]. In brief, 160 µL of DPPH solution was added to 40 µL of CBH and RCH
levels (50, 100, 200, 300, and 500 µg/mL), and ascorbic acid (500 µg/mL) was used as a
reference. After 30 min of incubation in a dark place at 25 ◦C, the absorbance was read at
517 nm. The ability of protein hydrolysates to scavenge the DPPH radical was applied in
this Equation (5):

Radical scavenging activity (%) =
Abs. control − Abs. sample

Abs.control
× 100 (4)
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2.5.2. Antimicrobial Activity

The microbial strains, Bacillus cereus (BC), Listeria monocytogenes (LM), Staphylococcus
aureus (SA), Escherichia coli (EC), Pseudomonas aeruginosa (PA), Salmonella typhi (ST), As-
pergillus niger (AN), Aspergillus flavus (AF), Candida gelbeta (CG), Candida tropicalis (CT),
and Candida albicans (CA) were taken from the microbial culture collection (MIRCN) in the
Faculty of Agriculture, Ain Shams University, Egypt. The bacterial inoculum was prepared
at 1 × 108 CFU/mL, and the fungal inoculum was prepared at 1 × 105 CFU/mL.

Antibacterial

The disc diffusion method was used to assess antibacterial activity. Discs (6 mm) were
saturated with CBH and RCH at concentrations of (25, 50, 100, 200, 400, and 500 µg/mL)
and placed on the surface of bacterial strains-inoculated Muller Hinton agar (MHA) plates
and incubated at 37 ◦C for a day. The positive control was penicillin (500 µg/mL), and
water was used as negative control. The diameters of the inhibition zones (mm) were
calculated [12,33].

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) were estimated [12,33]. For MIC, 50 µL of CBH or RCH concentrations were added
to Muller Hinton broth (MHB) tubes inoculated with bacterial stains. The tubes were
incubated at 37 ◦C for 1 day before the turbidity was measured at 600 nm. For MBC, 100 µL
of MIC tubes were spread on new MHA plates that were incubated at 37 ◦C, and bacterial
population was observed after 24 h.

Antifungal

The disc diffusion technique was used to assess the antifungal activity of CBH and
RCH [34,35]. The Candida and fungal inoculum were prepared in Sabouraud dextrose
(SD) broth at a concentration of 105 CFU/mL. The prepared inoculum was spread over
Sabouraud dextrose Agar (SDA) plates. CBH and RCH saturated 6 mm discs with different
concentrations were placed on SDA plates, while clotrimazole (500 µg/mL) saturated
discs were used as a positive control. The SDA plates were incubated for 2 days at 37 ◦C
and 5 days at 30 ◦C for Candida and fungi, respectively. The distances of the inhibition
zones (mm) were estimated. The MIC and MFC were determined with microdilution broth
and MFC with spreading plates as mentioned in antibacterial activity, considering the
incubation conditions of Candida and fungi.

2.6. Preservation of Fresh Meat Steak

Two factors were studied in this experiment: 1. Concentrations of CBH and RCH
(0, 100, 250, and 500 µg/g meat); and 2. Storage time: 0, 10, 20, and 30 days.

Meat steaks were immersed in 100 mL of CBH and RCH suspension concentrations
(0, 100, 250, and 500 µg/mL) for 24 h at 4 ◦C before being packed in polyethylene bags and
stored in refrigeration at 4 ◦C for analysis.

Meat steaks were divided into 8 equal proportions and mixed with different concentra-
tions of CBH, RCH, and nisin according to the following formulations: Using the immersion
method, CBH 0, 100, 250, and 500 µg/g were T1-T4; RCH 0, 100, 250, and 500 µg/g were
T5-T7, and nisin (500 µg/g) was T8, respectively. The samples were packaged and stored
in a refrigerator at 4 ◦C. A total of 8 random samples were taken for analysis during the
storage period (0, 10, 20, and 30 days).

2.6.1. Physicochemical Analysis of Meat Sample
pH and Glycogen Content Estimation

The pH of steak samples was measured by Ibrahim et al. [36]. Steak samples (10 g)
were homogenized in 100 mL of distilled water for 1 min. The pH was then measured by a
pH meter. Glycogen content in meat samples was measured according to Dreiling et al. [37].
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Metmyoglobin (MetMb) Analysis

The MetMb content in meat samples was estimated by Krzywicki [38]. The treated
and untreated steak samples (1 g) were blended for 10 s in a magnetic stirrer with 10 mL of
ice-cold 0.04 M phosphate buffer at pH 6.8 before being centrifuged at 3000× g for 30 min
at 4 ◦C. The supernatant was further clarified by filtration through Whatman No. 1 filter
paper. The absorbance of the filtrate was measured at 525, 572, and 700 nm using a UV-VIS
spectrophotometer (Shimadzu, Nakagyo-ku, Kyoto, Japan). The %Met-Mb concentration
was estimated by Equation (6) [38].

MetMb (%) =

[
1.395 − A572 − A700

A525 − A700

]
× 100 (5)

The Percentage of Inhibition in Lipid Peroxidation (LPI)

The Witte et al. [39] method was used to estimate the percentage of LPI. The meat
steak samples were suspended in cold 50 mM phosphate buffer (pH 7) and centrifuged
at high speed (14,000× g, 30 min, 4 ◦C). The obtained supernatant (100 µL) was mixed
with barbituric acid (2 mL) and boiled for 30 min before cooling. A spectrophotometer
(Shimadzu, Nakagyo-ku, Kyoto, Japan) was used to measure the sample absorbance at
530 nm. The percentage of LPI was calculated in Equation (6):

Lipid oxidation inhibition (%) =

[
1 − Sample absorbance

control absorbance

]
× 100 (6)

2.6.2. Sensorial Properties and Color Measurement

The steak samples were evaluated for sensory characteristics, including color, flavor
and aroma, tenderness, juiciness, and overall acceptability. Steak samples (after a 30-day
storage period) were cooked in an oven at 176 ◦C for 8.5 min until the internal temperature
reached 70 ◦C, then served warm at 60 ◦C to eight trained panelists [40]. Steak samples
from different treatments were randomized and evaluated within the session. Water was
mounted after each sample assessment. Panelists rated each sample attribute using a
9-point hedonic scale. The higher score values indicate a greater preference.

Concerning the meat color, the Hunter color analyzer (Hunter Lab color Flex EZ, USA)
was used to measure the color parameters (L*, a*, and b*) of meat steak samples [41].

2.6.3. Microbiological Analysis

The microbial load of buffalo meat steak was calculated as per Saad et al. [42]; 10 g
of meat steak samples were homogenized with 90 mL sterilized buffer peptone water
for 10 min to prepare a 10−1 concentration; decimal dilutions were prepared up to 10−6;
in one-use Petri-dishes, 1 mL of each dilution was added, followed by the appropriate
media; on plate count agar (PCA), the total bacterial count (TBC) was determined after
a 24-h incubation period at 30 ◦C. Additionally, after a 10-day incubation period at 7 ◦C,
psychrophilic bacteria counts (PBC) were counted at PCA [43]. The microbial counts were
transformed to logarithms (CFU/g).

2.7. Statistics

All experiments were done three times. The average of the replicated data was
analyzed by One Way ANOVA at a probability level of 5%, followed by an LSD test to
define the significant differences between means using Microsoft Excel (v. 2019).

3. Results and Discussion
3.1. The Approximate Composition of Protein Isolates and Hydrolysates

Table 1 presents the proximate analysis of the seed wastes and their protein hy-
drolysates of cluster and kidney beans. Cluster bean seed wastes and their protein hy-
drolysate contain high protein, i.e., 57.2 and 93.2%, respectively, compared to 23.35 and
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88.9% in red kidney beans. Furthermore, red common bean seeds have the highest carbo-
hydrate content, recording 64.1%. Ash content was higher in cluster bean hydrolysates,
reaching 7.3%. In a previous study, the approximate composition of black beans was carbo-
hydrates (71.4%), protein (23.1%), ash (4.3%), and fat (1.2%). However, the protein content
in its protein isolates increased by 253% compared to black bean seed, while carbohydrates
decreased by 11.4% [44].

Table 1. Approximate analysis of seed wastes and protein hydrolysate of cluster and red kidney
beans.

Proximate
Composition (%)

Beans Seed Wastes

Cluster Red Kidney

Material Status Seed Hydrolysate Seed Hydrolysate

Protein 57.2 c 93.2 a 23.35 d 88.9 b
Carbohydrates 30.8 b 0.13 d 64.1 a 4.6 c

Fat 2.25 a - 2.3 a -
Ash 4.3 c 7.3 a 4.19 c 6.5 b

Moisture 6.1 a - 6.3 a -
The lowercase letters next to values means in the same row indicate significant differences at p ≤ 0.05. Protein
hydrolysate is obtained after 60 min of hydrolysis with pepsin at 37 ◦C.

Generally, ash content increased with pepsin hydrolysis in CBH rather than RCH. The
results indicated that CBH protein content was significantly increased by 63%. However,
the increase was 282% in RCH because of the increase of 70% in ash content in CBH. A
prior study found a comparable decrease in protein level in Alcalase-black kidney bean
protein hydrolysate, probably because of the increase in ash content, which may be due to
the addition of NaOH to maintain the pH during hydrolysis [44]. In Alcalase-hydrolyzed
chickpea protein, a comparable reduction in protein content was observed, along with an
increase in ash content [45].

3.2. Physiochemical Characterization of the Hydrolysates
3.2.1. SDS-PAGE Electropherogram

Figure 1 shows an SDS-PAGE electropherogram of the obtained CBH and RCH after
pepsin hydrolysis for 30 min and 60 min. In total, 10 bands in the range of 17–100 kD in
RCH were detected in lane 1. However, 5 bands of 17–48 kD in CBH were detected in
lane 3. These 15 bands correspond to storage proteins, where 47–75 kD refers to vicilin
(7S), and 40–48 kD refers to phaseolin (8S), following Los et al. [46], the 8S and the 7S
bands in RCH after 30 min hydrolysis are more intense than those in CBH. After 60 min
of pepsin hydrolysis, 7S bands (50–63 kD) still existed in lane 2 (RCH), but no bands were
detected in lane 4, indicating the complete hydrolysis of CBH, which agreed with Saad
et al. [11], who found the total disappearance of white kidney bean protein bands after 6 h
of pepsin hydrolysis.

3.2.2. The Degree of Hydrolysis (DH)

Figure 2 depicts the DH (%) of cluster and red common bean protein isolates after
60 min of pepsin hydrolysis at 37 ◦C. In terms of hydrolysis time dependence, the DH was
significantly increased. After 60 min of pepsin hydrolysis, the maximum DH of CBH and
RCH was recorded, reaching 30 and 27%, respectively. The CBH had a high DH by a relative
rise of nearly 11% over the RCH. Saad et al. [11] found the degree of hydrolysis was 33.3%
for white kidney bean protein after hydrolysis by pepsin 1% for 6 h. Additionally, pepsin
black bean protein was hydrolyzed by 27% with 2 h of pepsin hydrolysis [47]. In addition,
when Bumrungsart and Duangmal [9] used Flavourzyme® (6%) for 6 h to hydrolyze black
gram bean protein isolate, they obtained a high DH (75%).
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Figure 1. SDS electropherogram (18%) of RCH and CBH isolated from cluster and red kidney
bean seeds wastes. Lane 1, M, molecular marker (Tris-Glycine SDS-PAGE, 4–20%). Lanes 2 and 4
represented protein bands of protein isolates after 30 min pepsin hydrolysis; lanes 3 and 5, represented
60-min pepsin hydrolysis at 37 ◦C of protein isolates. Buffer system, discontinuous SDS-PAGE buffer
system (Tris HCl, pH 6.8 for staking gel, and Tris HCl, pH 8.8 for resolving gel). 5 µL of protein in
loading sample buffer was loaded in each well.

Figure 2. Degree of hydrolysis (DH) of cluster bean hydrolysate (CBH) and red bean protein hy-
drolysates (RCH) (60 min pepsin hydrolysis at 37 ◦C).

3.2.3. The pH-Protein Solubility

Incorporating functional protein into food formulation is depends on its solubility,
influencing protein foaming and emulsifying properties [48]. The CBH and the RCH
had isoelectric pH (lowest solubility) of 4–6 similar to the intact mother protein (Table 2).
Protein solubility increased significantly (p < 0.05) when the pH shifted away from the
isoelectric point. After 60 min of pepsin hydrolyzed, the solubility of CBH and RCH were
80 and 75% at pH 3, which increased to 100 and 90% at pH 11, respectively. The order of
solubility level is CBH > RCH, which is related to the degree of hydrolysis and means that
the solubility is improved. The fact that the basic side has a higher solubility than the acidic
side is consistent with Los et al. [46], who found the solubility of carioca bean and soybean
protein hydrolysate at pH 3.0 was 35.13%; but, when pH was raised to 10, the hydrolysates
dissolved. Furthermore, the solubility of papain-kidney bean protein hydrolysate at pH 10
was 78% [49].
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Table 2. Functional properties (water-absorbing capacity, oil-absorbing capacity, and solubility) of
CBH and RCH were obtained after 60 min of pepsin hydrolysis at 37 ◦C.

Protein
Hydrolysate

HT
(min)

Functional Properties

WAC
(g/g)

OAC
(g/g)

Solubility (%)

pH 3 pH 5 pH 7 pH 9 pH 11

CBH
0 6.3 e 6.9 e 20 b 5 d 11 c 22 b 35 a

30 8.7 c 10.22 c 50 ab 12 d 24 c 41 b 64 a
60 11.6 a 13.66 a 80 ab 20 d 55 c 72 b 100 a

RCH
0 6.1 e 6.5 e 14 bc 5 d 9 c 19 b 29 a

30 7.6 d 8.3 d 35 b 10 d 22 c 38 b 55 a
60 9.4 b 11.96 b 75 ab 14 d 41 c 60 b 90 a

Means with different lowercase letters in the same raw indicate significant differences between hydrolysates
solubility at p ≤ 0.05. WAC, water-absorbing capacity; HT, hydrolysis time; OAC, oil-absorbing capacity. Means
with different lowercase letters in the same column indicate significant differences between WAC and OAC values.

3.2.4. Functional Properties

Table 2 shows the water-holding capacity (WHC) and oil-absorbing capacity (OAC) of
CBH and RCH after 0-, 30-, and 60-min pepsin-hydrolysis. The CBH has the highest WHC,
with a solubility improvement of 22% over the RCH. After 60 min of pepsin hydrolysis,
the OAC of CBH was increased by 11% compared to RCH. In addition, Eckert et al. [50]
observed an increase from 6.12 to 8.21% in OAC of faba bean protein after pepsin hydrolysis.
Enzymatic hydrolysis is commonly used to improve the functional properties of proteins.
Incorporating plant proteins instead of animal proteins in food formulation is a new trend
in the food industry [51,52]. Plant proteins’ nutritional value and functional properties are
critical [53]. High-solubility proteins improve the technical qualities of fortified foods and
are required in many food applications [54].

3.2.5. Total Phenolic Content

The total phenolic content of different protein hydrolysates is presented in Figure 3A. The
content of polyphenols grew in a concentration-dependent manner. The CBH (500 µg/mL)
had higher phenolic compound values with 75.4 mg GAE/g, which increased 10% above
RCH. Dark (44.3 mg gallic acid/g) and red (38.89 mg GAE/g) bean protein hydrolysates
have comparable phenolic contents [55]. Protein–phenolic interactions may affect pro-
tein physicochemical properties; peptide activity may be increased by hindering spe-
cific residues of amino acids, thereby increasing the polyphenol absorption and activ-
ity [56]. Enzymatic hydrolysis increased the total polyphenols by breaking down the
protein–polyphenol complexes and releasing some polyphenols entrapped in the peptide
fragments [55,57].

3.2.6. Biological Activity
Antioxidant Activity

The DPPH-scavenging ability of protein hydrolysates is presented in Figure 3B. Most
of the DPPH radical (93%) was scavenged by CBH (500 µg/mL). The antioxidant activity
of protein hydrolysates depends on phenolic compounds in a concentration-dependent
manner. The high polyphenol content in CBH and RCH is accountable for the higher
scavenging activity of these hydrolysates. The scavenging power of pepsin-kidney bean
hydrolysate was 85%, and for papain-kidney bean hydrolysate, it was 89% [11,49]. The
scavenging power of CBH was stronger than intact protein or ascorbic acid (500 µg/mL),
which is used commercially in the food industry [55]. The mode of action of antioxidant
hydrolysates depends on making free radicals stable by donating electrons or transferring
protons from aromatic amino acids in hydrolysates. Furthermore, the acidic amino acids
may stabilize free radicals by sharing a proton with the NH2 and COOH residues [58].
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Antioxidant peptides are critical in the food industry because they prevent the oxidation of
protein, lipid, and nucleic acid, ensuring product quality [59].

Figure 3. (A), Total phenolic content (mg gallic acid equivalent/g) of CBH and RCH concentrations
(50–500 µg/mL). (B), DPPH˙ scavenging activity of CBH and RCH concentrations compared to
ascorbic acid (500 µg/mL).

Antimicrobial Activity

Table 3 illustrates the inhibition zone (DIZ, mm) distances of the mentioned meat-
borne bacteria and fungi when exposed to different concentrations of CBH and RCH (25, 50,
100, 200, 400, and 500 µg/mL). CBH (25–500 µg/mL) caused the biggest DIZs of 13–35 mm,
followed by RCH (12–32 mm). The bacteria most vulnerable to the protein hydrolysates
were S. aureus and E. coli, demonstrating 26 and 35 mm DIZ, respectively. However,
P. aeruginosa and L. monocytogenes were the most resistant isolates to the hydrolysates, with
an estimated DIZ of 28 and 23 mm, respectively.

The resistant Gram-negative bacteria have a lower DIZ than the Gram-positive. The
unique membrane structure of Gram-negative bacteria is attributable to their resistance
to antibacterial drugs through their lipopolysaccharide layer and certain enzymes in the
periplasmic area [60,61].
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Table 3. The diameters of inhibition zones (mm) of CBH and CBH at different concentrations of
25–500 µg/mL against Gram-positive, Gram-negative bacteria and fungi.

Bacteria
CBH RCH

25 50 100 200 300 400 25 50 100 200 300 400

G+

B. cereus (BC) - 14 ab 20 b 22 b 25 b 27 b - 13 ab 18 b 21 b 23 b 26 b
L. monocytogenes (LM) - 13 b 18 c 20 c 24 c 26 c - 12 b 17 c 20 c 22 c 25 c

S. aureus (SA) - 15 a 22 a 25 a 28 a 32 a - 14 a 21 a 23 a 26 a 30 a

G-

E. coli (EC) - 12 a 17 a 19 a 22 a 24 a - - 15 a 18 a 20 a 23 a
P. aeruginosa (PA) - 9 c 13 c 15 b 19 c 21 c - - 11 c 14 c 17 c 19 c

S. typhi (ST) - 10 b 15 b 18 ab 20 b 22 b - - 13 b 16 b 18 b 20 b

Fungi

A. niger (AN) - 8 b 12 d 13 d 17 d 22 d - - 9 c 11 b 15 d 20 d
A. flavus (AF) - 9 ab 13 c 14 c 19 c 23 cd - - 11 ab 13 ab 17 bc 21 c
C. gelbeta (CG) - 8 b 11 bc 14 c 17 b 24 c - - 9 c 11 b 15 d 21 c

C. tropicalis (CT) - 10 a 14 a 18 a 21 a 29 a - - 12 a 14 a 19 a 26 a
C. albicans (CA) - 9 ab 12 b 16 b 20 ab 27 b - - 10 b 13 ab 18 b 24 b

The lowercase letters next to values means indicate significant differences p < 0.05.

The lowest MIC values (20–45 µg/mL) were recorded in CBH-treated MHA plates,
with a relative decrease of 40% compared to RCH (Table 4). The lowest CBH concentration
that could kill the tested bacteria was 45–80 µg/mL, compared to 65–145 µg/mL for RCH
at higher doses. There are similar values of DIZ in red kidney bean hydrolysate; 19.23 mm
and 20.26 mm against P. aeruginosa and E. coli, respectively. Additionally, the MIC of
papain-kidney bean protein hydrolysate was 70–90 µg/mL [49].

Table 4. The lowest concentration (µg/mL) of CBH, RCH, and antibiotic, inhibiting microbial
strains, (MIC), and the lowest concentration (µg/mL) killing bacterial strains, (MBC), and fungal
strains, (MFC).

Bacterial Strain
CBH (µg/mL) RCH (µg/mL) Antibiotic * (µg/mL)

MIC MBC MIC MBC MIC MBC

BC 30 d 60 e 35 e 70 e 25 d 50 d
LM 35 c 65 d 40 d 75 d 30 c 60 c
SA 30 d 50 f 35 e 65 f 20 e 45 e
EC 40 b 70 c 65 c 125 c 35 b 70 b
PA 45 a 90 a 80 a 155 a 40 a 80 a
ST 40 b 75 b 70 b 130 b 35 b 70 b

Fungal strain MIC MFC MIC MFC MIC MFC

AN 40 b 80 b 80 b 165 a 40 a 85 a
AF 30 c 75 c 70 d 140 c 35 b 70 b
CG 45 a 85 a 85 a 150 b 40 a 85 a
CT 30 c 70 d 65 e 125 e 30 c 65 c
CA 30 c 75 c 75 c 135 d 35 b 70 b

Different lowercase letters next to means indicate significant differences at probability level 5%. * Penicillin with
Bacteria, clotrimazole with fungi. Minimum inhibitory concentration (MIC), minimum bactericidal concentration
(MBC), minimum fungicidal concentration (MFC).

The type of bacteria determines the antibacterial effect of peptides. The peptides
may bind electrostatically to the bacterial membranes, and the membrane rigidity and cell
components could be impaired [62].

Table 3 shows the antifungal activity of CBH and RCH. The DIZs of tested hydrolysates
(25, 50, 100, 200, 300, 400, and 500 µg/mL) were in the range of (8–35 mm) against tested

180



Polymers 2022, 14, 3188

Candida and fungi. The results showed no significant differences between the antifungal
activities of hydrolysates on fungi or Candida. The fungi vulnerable to CBH (500 µg/mL)
were Candida tropicalis (CT) and Candida albicans (CA), with DIZs of 32–35 mm. However,
the resistant fungi, C. gleberta, and A. niger recorded DIZs of approximately 24 and 27 mm,
respectively.

Table 4 shows that the MIC and MFC of CBH are lower than those of RCH. The CBH
suppressed fungal growth at MICs of 35–40 mm and MFCs of 75–90 mm; MIC and MFC
against fungi and MIC and MBC against bacteria; the fungi had higher values (Table 4),
indicating that hydrolysates have more powerful antibacterial than antifungal activity.
The proposed mechanisms suggest that hydrolysates are more suited for bacteria than
fungi, which have a more complex structure than bacteria. Heymich et al. [63] stated that
chickpea protein hydrolysate exhibited potent antibacterial activity against Escherichia coli
and Bacillus subtilis with minimum inhibitory concentrations of 31.3–62.5 µM. Additionally,
it displayed antifungal activity with minimum inhibitory concentrations of 125–500 µM
against Saccharomyces cerevisiae and Zygosaccharomyces bailii. In addition, the purified
peptide from the seeds of the cowpea plant displayed higher MIC values against fungal
spoilers, with MICs of 50 µg/mL against F. culmorum and > 500 µg/mL against Penicillium
expansum [64].

3.3. Fresh Meat Steak Preservation by Cluster and Common Bean Protein Hydrolysates
3.3.1. Physiochemical Alternation during Cold Storage

The physiochemical alternations of treated and untreated fresh meat steaks during
storage of 0, 10, 20, and 30 days at 4 ◦C are presented in Table 5. The studied parameters
included tracking the changes in pH, metmyoglobin (%), and lipid oxidation inhibition (%)
in response to CBH and RCH addition (0, 100, 250, and 500 µg/g) with a preference for
CBH. All parameters’ values considerably increased in storage period dependence, but
lipid oxidation inhibition (%) significantly decreased in concentration dependence. The pH
values of the control fresh steak increased by 52% from the start of storage until day 30 of
cold storage.

The pH in supplemented meat samples with RCH and CBH (500 µg/g) significantly
decreased by 30–33% compared to the control at the end of the storage period. The gradual
increase in the pH value with storage time is probably a result of food spoilage microor-
ganisms that can hydrolyze the proteins into NH3 [65]. The addition of CBH and RCH
(500 µg/g) to the stored meat significantly reduced this value in a concentration-dependent
manner. This action appears to be due to the previously demonstrated antimicrobial ac-
tivity of the protein hydrolysates. Similar results were observed by Saad et al. [11] and
Saad et al. [12] on using common bean protein hydrolysates in preserving minced beef or
chicken meat.

The estimated glycogen content in meat samples is 1.1 µmol/g in the control sample,
0.8 µmol/g in RCH-supplemented meat, 0.5 µmol/g in CBH-supplemented meat, and
0.6 µmol/g in nisin-supplemented meat. The low glycogen content didn’t affect the pH
value of meat and that agrees with England et al. [66].

The Met-myoglobin levels in the untreated samples dramatically increased by 416%
at the end of storage, exceeding the acceptable level in meat (40%). The treated meat
samples with CBH and RCH (500 µg/g) were characterized by low metmyoglobin levels of
21–26%, which decreased by 96–142% compared to the untreated samples. The considerable
decrease (142%) was achieved by CBH (500 µg/g). Increasing metmyoglobin levels in
stored meat significantly affect the meat color because of the oxidation of myoglobin and
the auto-oxidation of protein in the meat [67].
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The antioxidant activity of added hydrolysates (Figure 3) is probably responsible for
the met-myoglobin reduction. A decrease in met-myoglobin was observed when treating
beef burgers with cinnamon, rosemary, and thyme extracts [68]. Lipid oxidation is one of
the main factors that affect meat quality by producing hydroperoxides and aldehydes [1].
Therefore, adding RCH and CBH (500 µg/g) to meat steak dramatically reduces lipid
oxidation by approximately 130–153% compared to the control.

The antioxidant activity of CBH and RCH is probably responsible for scavenging the
radicals produced by lipid oxidation [1]. Moreover, Pineul et al. [69] found inhibition of
lipid oxidation by 82% in zebrafish meat treated with red bean hydrolysate. Additionally,
Aslam et al. [70] discovered that storing supplemented chicken breast with fish protein
hydrolysate delayed lipid oxidation and other undesirable changes.

3.3.2. The Fluctuation in Color Parameters and Sensory Properties of Stored Buffalo Steak
for 30 Days at 4 ◦C

Table 6 and Figure 4A present color parameter fluctuations in fresh meat steak treated
or untreated with CBH and RCH during a storage period of 30 days. The lightness values
(L*) of meat steak decreased with CBH and RCH (500 µg/g) in concentration dependence
by 6–10% compared to the control. The dark color of hydrolysates may cause this decrease.
However, a* value increased by 4–6% compared to the control. Additionally, blueness
values increased from 3.08 to −2.50 in CBH-treated samples and from 3.08 to −0.5 in RCH-
treated steak. In general, color components deteriorated at the end of storage, but protein
hydrolysate inclusion significantly preserved approximately 80–90% of color attributes
based on the protein hydrolysates compared to nisin and the control.

Table 6. The alternation in color parameters in buffalo steak supplemented with CBH and RCH at
graded concentrations (0, 100, 250, and 500µg/g) during 0–30 days cold storage.

Sample Conc Storage (Day)

(µg/g) 0 30 0 30 0 30
∆E

L* a* b*

Control 0 49.55 a 48.66 a 14.00 c 13.70 c 4.00 a 3.80 a 1.34 a

CBH 100 48.70 b 47.92 b 15.10 a 14.80 b 1.90 c 1.10 c 1.29 b
250 46.54 c 46.00 c 14.90 b 14.30 bc −0.90 e −1.80 ef 1.30 ab
500 44.65 d 44.22 d 15.20 a 15.00 a −1.50 f −2.50 f 1.22 c

RCH 100 49.00 ab 48.12 ab 14.20 c 13.98 c 2.30 b 2.00 b 1.34 a
250 48.22 bc 47.57 b 14.40 c 14.00 bc 0.50 d 0.20 d 1.32 ab
500 46.33 c 45.88 cd 14.80 b 14.20 bc −0.50 e −1.10 e 1.27 b

Means with different lowercase letters in the same column indicate significant differences at p ≤ 0.05. Cont.:
control. The Lightness (L*) [(0–100) lightness to darkness], redness (a*) [(− to +) redness to greenness], and
b* value reflected (+) yellowness to (−) blueness.

No studies shed light on the alternations in color components and sensory charac-
teristics of fresh meat steak enriched with CBH. However, the obtained results were in
agreement with Arshad et al. [71], who studied the beneficial effects of bioactive peptides
on the oxidative stability and functional properties of beef nuggets supplemented with milk
casein protein hydrolysates at levels of 0, 2, 4, 6, and 8% during cold storage of 15 days.

The Hunter color test also revealed a significant difference between groups, where
lightness values of beef nuggets were decreased in 8% supplemented samples and during
the storage period. In addition, yellowness decreased, but the redness of beef nuggets
increased. On the other hand, the addition of CBH and RCH considerably kept the meat
quality parameters at high levels (Figure 4B–F). The highest values of tenderness and
juiciness, 8.6 and 8.8, were observed in CBH-supplemented steak because of the highest
scores in water-holding capacity in CBH (Table 2).
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Figure 4. The changes in sensorial quality of buffalo meat steak supplemented with CBH and RCH
(100, 250, and 500 µg/g) and nisin 500 µg/g persevered at 4 ◦C during 0–30 days storage. The
sensorial parameters; Color (A), Tenderness (B), Juiciness (C), Aroma (D), Taste (E), and Overall
Acceptability (F).

CBH enhanced cooked steak flavor and taste, followed by RCH supplementation. All
quality parameters decreased at the end of cold storage, but the precious roles of CBH and
RCH significantly reduced the unwanted changes by 55–60% (Figure 4B–F) compared to
nisin and the control.

The above-mentioned sensorial scores affected the meat’s overall acceptability scores,
where CBH-supplemented fresh steak was safe for approximately 28–29 days of cold
storage, while the RCH-supplemented steak (500 µg/g) was safe for 20 days.

Similar results have been noticed in the sensorial traits of raw buffalo meat supple-
mented with pea, and red kidney bean hydrolysates were maintained and were highly
acceptable compared to the control concerning shelf-life [72].

3.3.3. Microbial Alternation in Fresh Meat Steak during 30 Days Storing at 4 ◦C

Figure 5 shows a considerable (p < 0.05) increase in bacterial load during the storage
period at refrigeration. At the end of the storage period, the total bacterial count declined
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in supplemented fresh buffalo steak with RCH, CBH, and nisin at a high concentration
(500 µg/g). As a result, the total bacterial count in supplemented samples was reduced by
31–55% compared to controls.

Figure 5. The alteration of total bacterial count Log CFU/g of stored buffalo steaks at 4 ◦C during 0-
and 30-days storage period, as supplemented with CBH, RCH (100, 250, and 500 µg/g), and Nisin at
500 µg/g.

The antibacterial activity of CBH could extend the secure cold storage of fresh meat for
approximately 20–30 days, when kept refrigerated. Saad et al. [11] found that found that
adding kidney bean protein hydrolysate to minced beef lowered the microbial load by 22%.
Additionally, Sharma et al. [73] discovered that adding natural preservatives to chicken
sausages, such as a herbal blend, considerably reduced the microbial population. The
allowable bacterial count in fresh buffalo meat must be less than 1 × 106 CFU/g, according
to Egyptian Standards No. 4334 [74] and the International Commission on Microbiological
Specification (ICMS, 1982).

4. Conclusions

Food waste harms the environment, but legumes are rich in nutrients, so maximizing
these wastes is critical. Enzymatic hydrolysis and microbial fermentation can quickly
and precisely produce bioactive peptides. CBH and RCH can be exploited as possible
antioxidants and efficient antibacterial in food systems. They can extend the cold lifetime
of preserved fresh steak to 28–29 days while sustaining acceptable sensory qualities.
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Abstract: Plastic materials are one of the significant components of construction materials om-
nipresent in all areas of the industry and everyday life. One of these plastics is polyethylene tereph-
thalate (PET). Due to its processing properties, with a simultaneous low production cost, PET has
been used in many industrial applications, including the production of various types of bottles.
Moreover, the high consumption of PET bottles causes the accumulation of large amounts of their
waste and necessitates finding an effective way to recycle them. Electrospinning is a well-known
non-complicated method for the fabrication of nonwovens from polymers and composites, which can
be utilized in many fields due to their outstanding properties. In addition, it might be a promising
technique for the recycling of plastic materials. Therefore, in this study, the electrospinning approach
for the recycling of two types of PET bottle wastes—bottles made of virgin PET and bottles made
of recycled PET (PET bottles) has been utilized, and a comparison of the properties of the obtained
materials have been performed. The fibers with diameters of 1.62 ± 0.22, 1.64 ± 0.18, and 1.89 ± 0.19
have been produced from solutions made of virgin PET granulate, PET bottles, and PET bottles
made of recycled bottles, respectively. Obtained fibers underwent morphological observation using a
scanning electron microscope. Physico-chemical properties using FTIR, gel chromatography, and
differential scanning calorimetry have been evaluated, and mechanical properties of obtained mats
have been investigated. Cytotoxicity tests using the L929 mouse fibroblast cell line revealed no
cytotoxicity for all tested materials.

Keywords: polyethylene terephthalate (PET); recycling; electrospinning; fibers

1. Introduction

Polymer materials, sometimes called the material of the millennium [1], are lightweight,
pliable, durable materials, easily convertible to many various forms with a low cost of
production. Therefore, a broad spectrum of applications was found in industry and
everyday life. Their invention and progress in processing have revolutionized the modern
world and pushed the limits of human capabilities, as wood, ceramics, glass, copper,
bronze, iron or steel did in earlier stages of our civilization [2]. Modern science has not yet
found substitutes that can replace plastics in terms of their multi-functionality, features,
and properties. However, the main drawback of their utilization is the accumulation of
plastic waste in the environment and, of course, the human factor in its improper storage,
processing, and littering. The production of the polymers worldwide reached 359 MTs
in 2018, with an estimated 18% involvement of polyethylene terephthalate (PET). Only a
small amount of its waste, mainly bottles, has been reported to be recycled [3]. Therefore,
many actions have been undertaken to reduce its waste and develop alternative recycling
methods for PET waste reduction.
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PET material used for bottle production is a semi-crystalline thermoplastic with good
mechanical properties and is highly resistant to environmental conditions and many chemi-
cal reagents. Moreover, it can be recycled multiple times, and recently plastic bottles can be
recycled into other bottles, sleeping bags, t-shirts, clothes insulation, etc. [4]. Nonwovens
obtained by processing PET waste could also be of great potential as a substrate for various
kinds of fibers applied for water filtration and treatment and air filtration. Furthermore,
it may also find application in hygienic membranes utilized in the cosmetic industry and
beautician services or fabrics for respiratory and medical protection. Their porous structure
and high tensile strength allow it for many applications, and its main advantage is low cost
and easy access to the material (wastes).

Electrospinning is a versatile, scalable (from laboratory to industry) method for fiber
fabrications having diameters ranging from nanometers to sub microns, with controlled
morphology, orientation and structure features [5]. It is frequently used for the produc-
tion of nonwoven for biomedical application as tissue engineering scaffolds [6], wound
dressings [7], multisource catalysis [8], filtration [9], water treatment [10] or bio-active
agent delivery carrier [11]. On the other hand, virgin PET granulate has been utilized to
produce wound dressings [12] and blood vessel grafts [13]. Attempts have also been made
to utilize recycled PET bottles for the production of filtering membranes for air and water
filtration [14,15]. The mentioned studies have drawn attention to the importance of using
post-consumer PET bottles to create new materials, which seems to be the right course
of action from the circular economy perspective. These researches focus mainly on the
utilization of bottles made of virgin PET (which might be correlated with the inexistence of
bottles made out of 100% recycled PET by the time that the studies have been conducted),
and comparison to pristine material has not been performed. Moreover, most of the studies
regarding the production of fibrous materials from recycled PET use trifluoroacetic acid
(TFA) or a mixture of dichloromethane with trifluoroacetic acid for electrospinning of the
fibers [16]. When using the PET alone, the choice of TFA does not influence material at a
high level. However, if the designed material aims to be a composite with metal oxides,
the use of TFA is inadvisable. Therefore, in the presented studies, 1,1,1,3,3,3-hexafluoro-2-
propanol (HFP) has been employed to prepare the solution for electrospinning. Though its
toxicity is known, no remaining HFP stays in resultant fibers, and its industrial application
is possible since it is non-flammable. This property is usually crucial for the utilization
of solvents in the industry. It is also utilized to prepare a composite solution containing
metallic nanoparticles [17].

This study aimed to use the waste PET bottles made of virgin PET granulate and PET
bottles made out of recycled bottles to fabricate electrospun nonwovens and to compare
their properties with each other, along with a comparison to electrospun mats produced
from PET granulate. In this way, the dependence of mats’ properties on the origin of
the materials used for their production could be evaluated, and the question of possible
recycling of already recycled bottles could be answered. Moreover, by characterizing the
main properties of PET mats, we were able to investigate whether the obtained materials
might be promising candidates for application for hygienic membranes, air and water
filters or other products that stay in contact with human tissues, such as skin, without
causing cytotoxic reactions.

To the best of the authors’ knowledge, this is the first time that bottles made entirely
of recycled PET bottles have been utilized for fibers fabrication, and detailed studies on
the comparison of properties of PET fibers made of PET of different origins have been
performed.

2. Materials and Methods
2.1. Materials

Polyethylene terephthalate in the form of granules for water bottle manufactur-
ing (LighterTM C93- Equipolymers) was purchased from RESINEX Poland Sp. z o.o.
(Warszawa, Poland). Recycled bottles utilized in this study were made from virgin PET
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(granulate) and entirely (in 100%) from recycled PET. Both types were purchased from
the same local supplier, and before use, they contained mineral water. In all experiments,
granules of PET were used in the received form, while bottles were firstly cleaned with
detergent and deionized water, dried at 37 ◦C, and cut into square flakes of about 5 × 5 mm.
Additionally, 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) utilized as a solvent for electrospin-
ning was obtained from abcr GmbH (Karlsruhe, Germany). HPLC-grade chloroform and
absolute ethanol were purchased from Chempur (Piekary Slaskie, Poland). Polystyrene
standards utilized for molecular weight measurements and phosphate-buffered saline
(PBS) were purchased from Sigma-Aldrich (St. Louis, MO, USA). L929 murine fibroblast
cells were obtained from American Type Culture Collection (ATCC) (Manassas, VA, USA).
RPMI 1640 medium, fetal bovine serum (FBS), penicillin-streptomycin solution (PS), and
trypsin-EDTA were bought from Thermo Fisher Scientific (Waltham, MA, USA). CellTiter
96 Aqueous One solution was purchased from Promega (Madison, WI, USA). Sodium
chloride 0.9% solutions were obtained from Baxter (Deerfield, IL, USA).

2.2. Characterization of Pristine Unprocessed Materials
2.2.1. Gel Permeation Chromatography (GPC)

Gel permeation chromatograph (Agilent Technologies, Singapore) using a refractive
index detector has been utilized to determine the average molecular weights (Mw, Mn)
of the PET granulate and PET flakes derived from both types of bottles. First, 4 mg of
PET granules were added to 100 µL HFP, heated to 50 ◦C, and mixed for 30 min to enable
dissolution. Then, the solution was mixed with 1.9 mL HPLC-grade chloroform and mixed
for another 24 h. In the case of PET bottles, flakes were added to 100 µL HFP and mixed for
30 min, followed by the addition of 1900 µL of HPLC-graded chloroform. Each solution
was mixed to obtain the concentration of 2 mg/mL (w/v). The final step of preparation was
filtration through a 0.22 µm porous filter. During testing, 100 µL aliquots of each type of
PET solution were inoculated into chloroform and further separated on two linear coupled
SEC columns (PLgel 5 mm MIXED-C, Agilent Technologies, Cheadle, UK, 300 × 7.5 mm)
at 35 ◦C and a flow rate of about 0.7 mL/min. Calibration of the system was performed
using three polystyrene standards with known molecular weights (Mp ranging from 500 to
1,800,000 g/mol).

2.2.2. Differential Scanning Calorimetry (DSC)

The crystallinity of the pristine materials before processing was evaluated using a
differential scanning calorimeter Q2000 (TA Instruments, New Castle, DE, USA) under
a nitrogen flow of 50 mL/min. Specimens with the weight of 6–8 mg were heated in
aluminum pans from 30 to 300 ◦C with a rate of 10 ◦C/min, then cooled back to 30 ◦C and
heated back to 300 ◦C. Collected data from the second heating run were analyzed using
software provided by the equipment manufacturer (TA Universal Analysis).

2.2.3. Surface Hydrophilicity

The surface hydrophilicity of three types of unprocessed materials was assessed
through water contact angle (WCA) measurements, and WCA was measured at RT by a
sessile drop method using the OCA 20a goniometer (DataPhysics, Filderstadt, Germany).
The water droplet size was equal to 1 µL with a dosing rate of 1 µL/s. Images of the droplet
shape in contact with material were taken using a CCD camera running in real-time and
saved for further analysis.

2.3. Optimization of PET Mats Electrospinning

To evaluate the optimal concentration of virgin PET granulate and flakes made out
of two types of bottles to obtain uniform fibers, the optimization of the paramaters of
the electrospinning process with the usage of different concentrations of the solutions
was performed. The summarized list of the utilized solution and parameters has been
presented in Table 1. For the preparation of the virgin PET granulate solution first pellets
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were mixed with 1,1,1,3,3,-hexafluoro-2-propanol at concentrations of 10, 15, and 20% (w/v)
and stirred for 30 min at 50 ◦C. Furthermore, the solution was stirred for another 24 h at
room temperature. In the case of both types of bottle flakes, the desired amount of flakes
has been added to HFP to obtain concentrations of 10, 15, and 20% and stirred at RT for
24 h without previous heating. Electrospinning of all types of PET was conducted under
12 kV, with a 1.0 mL/h flow rate using a 27 G flattened needle to a collector distance of
13 cm. A steel plate covered with aluminum foil has been used for collecting the fibers
during all the experiments. All processes were carried out under environmental conditions
with 23–33% humidity and a temperature of 22–24 ◦C.

Table 1. Parameters for three types of PET optimization.

PET Granulate PET Bottles Bottles from
Recycled PET

Concentration
[% (w/v)] 10 15 20 10 15 20 10 15 20

Voltage [kV] 12 12 12 12 12 12 12 12 12
Flow rate [mL/h] 1 1 1 1 1 1 1 1 1

Needle diameter [G] 27 27 27 27 27 27 27 27 27
Needle to collector distance [cm] 13 13 13 13 13 13 13 13 13

After electrospinning, all samples were evaluated under the scanning electron micro-
scope (SEM, PhenomX, Eindhoven, The Netherlands) after sputter coating with a 14 nm
layer of gold (sputter coater Leica EM SCD 500, Leica Mikrosysteme GmbH, Wien, Austria),
at an accelerating voltage of 10 kV. Analysis of images allows for the selection of optimal
concentration for the PET mats preparation for further studies. For the samples revealing
uniform morphology, fibers’ diameters were examined from the obtained SEM images
using ImageJ software (National Institute of Health, Bethesda, MD, USA). The average
diameter was measured based on the calculation of 100 randomly selected fibers, and the
distribution histograms were prepared.

2.4. Characterization of Fabricated Mats
2.4.1. Gel Permeation Chromatography (GPC)

Gel permeation chromatography was performed as described for pristine materials
and 4 mg of each type of fabricated mats, namely gPET, PET, and rPET, were used.

2.4.2. Differential Scanning Calorimetry (DSC)

The crystallinity of the PET mats, similarly to granules and flakes, was evaluated
during annealing using a differential scanning calorimeter.

2.4.3. Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared spectrophotometer (Thermo Fisher Scientific model Nicolet
6700) was utilized to collect infrared spectra of fabricated electrospun gPET, PET, and rPET
mats. Measurements were carried out using the attenuated total reflectance (ATR) mode,
and each sample was scanned 64 times at a resolution of 4 cm−1 over the wavenumber
range of 4000–400 cm−1.

2.4.4. Surface Hydrophilicity

The surface hydrophilicity of three types of fabricated mats was measured following
the procedure used for the granulate and bottles’ flakes.

2.4.5. Tensile Testing

The tensile properties of the electrospun PET mats were evaluated using a tensile
testing machine Instron 5943 (Instron, Norwood, MA, USA). The samples for mechanical
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testing were cut to 20 mm in length and 4 mm in width and attached to the hydraulic clamps.
The tests were performed at a 5 mm/min crosshead speed at RT and ambient humidity.

2.5. Cytotoxicity Evaluation

The cytotoxicity of the gPET, PET, and rPET mats was evaluated according to ISO
10993-5 standard [18]. First, L929 mouse fibroblasts were cultured in RPMI 1640 sup-
plemented with heat FBS and 1% PS at 37 ◦C in a 5% CO2 incubator. Fibroblasts were
cultivated for 48–72 h for the attainment of sufficient confluence of the cells. After their
detachment using 0.05% trypsin-EDTA, cells were seeded in 96-well plates at a concentra-
tion of 104 in 100 µL of complete media. At the same time, gPET, PET, and rPET mats were
exposed to UV for 30 min on each side and rinsed three times with RPMI 1640 with 1% PS
to sterilize the samples. Extracts were derived by soaking the mats separately in a complete
medium of RPMI1640, 10% FBS, and 1% PS. Referencing ISO standard guidelines, the mass
of specimens within the extraction media was altered to 100 mg/mL (ISO 10993-12 [19]).
Furthermore, specimens were incubated for 24 h in an incubator. Obtained 24 h extracts
were utilized in dilutions of 1, 2.5, 5, and 10x. After aspiration of cell culture media, 100 µL
of each extract or its dissolution was added to cells, and fibroblasts were further incubated
for another 24 h. Thereafter, media in each well was replaced with 100 µL of 20% MTS
solution in RPMI1640 and incubated for 120 min at 37 ◦C. Then, absorbance of the aliquots
was measured at 490 nm using a microplate reader (Spark, Tecan Austria GmbH, Grodig,
Austria). The cytotoxicity results are presented as the percentage of the viability cultured
in control condition of complete medium.

2.6. Statistical Analysis

Performed experiments were carried out at least in triplicates, and data are expressed
as mean ± standard deviation (SD). Post-hoc one-way ANOVA with a Tukey-Kramer
pair-wise comparison have been employed for statistical analysis. A value of p ≤ 0.05 is
considered statistically significant, and additional significance is indicated with ** p < 0.01
and *** p < 0.001. All statistical analyses were calculated using GraphPad Prism version
9.2.0 for Mac OS X (GraphPad Software, La Jolla, CA, USA).

3. Results and Discussion
3.1. Properties of Pristine Materials

To make a characterization of all three types of polyethylene terephthalate, namely
granulate of virgin PET, PET bottles, and PET bottles made of recycled PET, gel permeation
chromatography, differential scanning calorimetry, and contact angle measurements were
performed. Obtained data allowed for molecular weight and crystallinity evaluation, and
the results are summarized in Table 2. It can be seen that no significant differences have been
observed in the case of molecular weight of all three forms of PET. Moreover, both types of
bottles exhibited higher crystallinity than granulate virgin PET. This can be attributed to the
mechanism of PET bottle manufacturing. The process of bottle production takes two stages:
(i) Melting of the granulate at around 280 ◦C and processing them into preforms, and (ii)
and heating the preforms to about 110 ◦C and blowing them into bottles. This “stretch
blow-molding process” causes the partial crystallization of PET, which after that improves
its durability, thermal and barrier anti-carbon dioxide, and oxygen properties [20].

Hydrophilicity measurements revealed the hydrophobic nature of the surface of all
three types of unprocessed materials.

3.2. Optimization of Electrospinning

Optimal concentrations for the solutions of virgin PET granulate and both types of
PET bottles’ flakes were chosen on the basis of the fiber morphology. Figure 1 presents
the morphology of the fibers obtained in the optimization process and the distribution of
fiber diameters for 20% solutions. As it can be observed, fibers electrospun from 10% (w/v)
solutions, regardless of the utilized type of PET, consisted of large beads connected with
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fragile fibers. Increasing the solution concentration to 15% (w/v) resulted in more uniform
fibers, with spindle-like beads formed within their structure. Furthermore, an increase to
20% (w/v) allowed for the attainment of the homogenous structure of non-beaded fibers. In
this way, the optimal parameters have been optimized to produce fibrous mats of uniform
fibers, and mats made of 20% solutions were chosen to produce the fibers for further studies.
The diameters of the fibers made of virgin PET granulate (gPET), PET bottle flakes (PET),
and flakes from bottles made of recycled PET (rPET) were 1.62 ± 0.22 µm, 1.64 ± 0.18 µm,
and 1.89 ± 0.19 µm, respectively.

Table 2. Properties of unprocessed virgin PET granulate, PET bottles, and PET bottles made of
recycled PET.

Properties PET Granulate PET Bottles Bottles from Recycled PET

Mw [g/mol] 61,800 56,600 58,200
Mn [g/mol] 16,300 17,400 13,400

PDI 3.784 3.250 4.091
Crystallinity [%] 12 22 21.6

Tg [◦C] 79.74 82.88 82.23
Tm [◦C] 246.91 247.10 246.68

Water contact angle [◦] 69 ± 7 81 ± 3 79 ± 7
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Figure 1. Morphology of obtained fibers during the optimization of electrospinning of PET granulate
(gPET), PET bottle flakes (PET), and flakes from bottles made of recycled PET (rPET); histograms
obtained for the samples made of 20% PET solutions.

Moreover, the performed Shapiro-Wilk test revealed that obtained distribution of
diameters could be described as normal. Based on the properties of normal distribution, it
can be concluded that 95% of all diameters in tested mats lie within two standard deviations
away from the average. Obtained fibers had larger diameters than fibers obtained by Zander
et al. from HFP solutions of PET bottles ranging from 105.5 ± 49 nm to 1039.5 ± 326 nm.
However, they used the addition of TBAC salt to decrease bead size and fiber diameters.

194



Polymers 2022, 14, 2881

3.3. Physico-Chemical and Mechanical Properties of Electrospun Fibrous Mats

To investigate the influence of the electrospinning process on the molecular weight of
the poly (ethylene terephthalate), gel permeation chromatography was performed for mats
obtained from all types of PET, and molecular weight values have been listed in Table 3.
Results obtained for gPET show that the electrospinning process caused a 27% decrease
in the Mw, a slight increase of Mn, and a decrease in PDI, compared to PET granulate,
which suggests that more uniform macromolecules were observed in the polymer matrix.
This might be attributed to random chain scission of PET macromolecules followed by
the dissolution of the part of the degraded material having the shortest chain lengths [21].
The DSC results confirm this thesis as the gPET mat is amorphous, which indicates that
easier crystallizable short molecules were removed. As stated in the Materials and Methods
section, the preparation of PET granulate solution required heating of the granulate in
HFP at 50 ◦C for 30 min during mixing. Moreover, unprocessed PET granulate exhibited
only 12% of crystalline phase, which is considerably less compared to the other two types
of utilized PET, which showed around 22% crystallinity, and it has been reported that
more amorphic materials tend to degrade faster than their more crystalline counterparts
due to their increased susceptibility to solvents [22]. Unprocessed PET bottles of both
types exhibited similar molecular weight as 56,600 and 58,200 g/mol for PET bottles
and bottles made of recycled PET, respectively, and it remained almost unchanged after
electrospinning. Therefore, it might be concluded that the fabrication of the mats did not
entail any significant change in the polymers’ macromolecular structure.

Table 3. Properties of gPET, PET, and rPET mats.

Properties gPET PET rPET

Mw [g/mol] 49,000 57,300 57,900
Mn [g/mol] 17,900 21,000 13,100

PDI 2.747 2.718 4.415
Crystallinity [%] - 22.2 22.4

Tg [◦C] 77.17 80.36 79.03
Tc [◦C] - 195.6 196.18
Tm [◦C] - 247.62 246.7

∆Hm [J/g] - 31.1 31.39
Water contact angle [◦] 138 ± 6 131 ± 3 132 ± 7

Based on DSC curves obtained for all the tested materials, characteristic temperatures,
such as glass transition (Tg), crystallization temperature (Tc) or melting temperature (Tm)
with melting enthalpy (∆Hm), were determined. Employing melting enthalpy, the crys-
tallinity of the materials was calculated. In Figure 2A, a comparison of DSC curves obtained
for different PET forms has been presented, and Table 3 sums the values of characteristic
parameters obtained from these curves. The gPET mat possessed a glass transition tem-
perature of 77.2 ◦C, which is comparable to other samples and unprocessed materials, as
well. There are no peaks from melting of the crystalline phase and crystallization, thus
the conclusion is that the mat from gPET was amorphous in structure within the range of
temperatures tested. This could have two reasons: As the solvent evaporated rapidly in the
electrospinning process performed at the room temperature, macromolecules did not have
enough time and energy to arrange appropriately to form a crystalline structure, and as
the PET granulate is a pure polymer, there were no nucleating agents, that could start the
crystallization process [22]. As can be seen on the graph in Figure 2A, a comparison of PET
and rPET revealed that there were no noticeable changes in the shape of DSC curves for
these materials. Characteristic temperatures and enthalpy confirm that both mats produced
from PET bottles possess almost the same glass transition temperature (Tg at about 80 ◦C),
crystallization temperature (Tc at about 195 ◦C), melting temperature (Tm at about 247 ◦C),
and melting enthalpy, which indicates that their crystallinity is also very similar (22.2% for
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PET and 22.4% for rPET). Both values are almost the same as those of unprocessed PET
and rPET (Table 1).
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different types of PET.

FTIR spectra were collected and analyzed to determine if there are any differences
between gPET, PET, and rPET chemical structures. Characteristic peaks have been marked,
and Figure 2B shows a comparison of spectra obtained for gPET, PET, and rPET mats.
Obtained data were compared to the literature finding to identify characteristic bands.
Band 724 cm−1 was assigned to the interaction of polar ester groups with benzene rings,
while 793 cm−1 was matched with vibrations of two adjacent aromatic hydrogen atoms in
p-substituted compounds and aromatic bands. Absorption bands 839, 873, and 1016 cm−1

are characteristic of aromatic rings. Other peaks significant for material identification are
at 1042 and 1093 cm−1 for the methylene group and vibrations of ester C-O bond; 1117
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and 1182 cm−1 for the terephthalate group. Bands 1340, 1409, and 1452 are assigned to a
few different phenomena: Stretching of CO group, deformation of OH group, and bending
of the ethylene glycol segment of the molecule. Additionally, 1505 and 1578 cm−1 are
characteristic bands for vibrations of an aromatic skeleton with stretching of C=C bond,
1714 cm−1 is assigned to stretching of C=O bond from carboxylic acid group, and the peak
around 2950 cm−1 is from stretching of the C-H bond [23]. No significant differences were
detected between the gPET, PET, and rPET samples.

To investigate the wettability of electrospun mats, water contact angle measurements
have been performed, and the obtained values of WCA are listed in Table 3. Obtained data
indicate that gPET, PET, and rPET mats exhibited WCA approximately above 130◦ (with
no significant difference), which indicates their hydrophobic behavior. It is also consistent
with the literature, where values of 131 and 133◦ are reported [24,25].

Tensile tests have been performed to obtain information about the stiffness and the
elasticity of the studied mats. Tensile strength [MPa] and strain at break [%] for all elec-
trospun mats were measured and are compared in Figure 3A,B. Mechanical tests revealed
how the form of PET influenced tensile strength and strain at the break of PET. The gPET
mat exhibited significantly decreased mechanical properties than the remaining materials
(tensile strength at ~4,37 MPa and strain at the break at 64%). It can be assigned to its
amorphous structure. It can also be noticed that the rPET showed higher values for both
studied parameters than the PET. It might result from chain extenders used in the recycling
of PET, as they can also cause branching of the polymer, which can increase mechanical
properties [26]. Considering the usefulness of the fabricated materials in applications,
such as filters or hygienic membranes, their mechanical properties are of great importance.
Values of the mechanical strength obtained for mats made of bottles reached a higher
level, with a tensile strength of 6.01 ± 0.43 MPa for PET and 6.67 ± 1.09 for rPET, than the
tensile strength reported for electrospun filters made of PAN or PLLA, possessing tensile
strength of 3.8 and 2 MPa, respectively [27,28]. Moreover, electrospun mats made of bottles
exhibited very high elongation at break of 235 and 264% for PET and rPET, respectively,
which was higher than the elongation of PET electrospun membrane filters obtained by
Bonfim et al. [14].

3.4. Cytotoxicity Evaluation

To evaluate the cytotoxicity of produced materials, in vitro studies using L929 mouse
fibroblast cell lines have been performed. ISO 10993-5 standard specifies the reduction
of cell viability by more than 30% as exhibiting a cytotoxic effect. Therefore, materials
demonstrating the viability of the cells cultured with contact with materials’ extract of less
than 70% of the cell control are considered cytotoxic [17]. No extract from gPET, PET, and
rPET mats shows the viability of less than 70% (Figure 4). The lowest viability of 76% has
been observed for 1x solute extract of gPET. However, from 2.5x onwards, the viability was
around 100%. L929 cells cultured with non-diluted extract of PET and rPET exhibited the
viability of 93 and 91%, respectively. As a result, it can be concluded that mats prepared
from PET granulate, PET from bottles, and PET from bottles made of recycled PET can
be considered non-cytotoxic and might find the application in hygienic products of short
intended contact time (i.e., surgical masks [14]).
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no statistical difference.

4. Conclusions

In the presented study, electrospun fibers made of PET of different origins have been
produced and characterized to investigate the impact of PET substrate on the obtained
fibrous mat. Performed optimization of the electrospinning process allowed for the selection
of optimal parameters for all three studied types of poly (ethylene terephthalate): PET
granulate, PET bottles, and bottles for recycled PET. Physico-chemical characterization
and mechanical studies show superior properties of PET and rPET mats compared to mats
made of PET granulate. Moreover, cytotoxicity evaluation has shown their non-toxicity,
confirming their potential use for materials that can be in contact with human tissue, such
as skin with limited contact devices, such as masks.

Future studies on the potential utilization of the fibers made of PET from the bottles
should focus on the development of antimicrobial and filtration layered fabrics coupled
with particles (i.e., metal particles) or other bio-active agents (i.e., enzymes), which could
find application for fabrication of membranes for respiratory protection, air, and water
filtration or hygienic materials.
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Abstract: Annual production of textile fibers is continuing to rise and the substantial discharge of
undegradable waste polyester fibers can cause serious environmental and even health problems.
Thus, the recycling and reuse of recycled poly(ethylene terephthalate) from waste textiles (rPET-
F) is highly desirable but still challenging. Here, five chain extenders with a different number of
epoxy groups per molecules were used to blend with discarded PET fibers and improve its viscosity
and quality loss in the recycling process. The molecule weight, thermal properties, rheological
properties and macromolecular architecture of modified r-PET were investigated. It was found
that all modified rPET-F samples show higher viscosities and better thermal properties. rPET-F
modified by difunctional EXOP molecules show linear structure and improved rheological properties.
rPET-F modified by polyfunctional commercial ADR and synthesized copolymers exhibit a long
chain branched structure and better crystallization. This study reveals a deeper understanding of the
chain extension and opens an avenue for the recycling of PET textiles.

Keywords: waste textile; PET fibers; chain extender; mechanical recycling; rheological property

1. Introduction

Polyester fabrics, with poly(ethylene terephthalate) (PET) as the main ingredient,
are the largest variety of chemical fibers, accounting for more than 80% of total chemical
fibers [1–4]. With the development of the textile industry, the amount of waste polyester
generated every year continues to increase significantly [5–8]. PET is a non-renewable
petroleum resource, and it is difficult to degrade naturally in the natural environment. A
large amount of waste polyester fabrics not only causes a waste of resources, but it also
leads to a greater impact on the environment [9–13]. Therefore, the recycling and reuse of
waste polyester fabrics is highly desired [14,15].

However, compared with PET bottles and food packaging, recycling PET fibers
through mechanical recycling is still a great challenge due to its poor processability. The
main problem in the recycling process of discard PET fiber is the lower inherent viscosity
and viscosity loss caused by thermal and hydrolytic degradation. In addition, textile prod-
ucts often contain many additives, e.g., pigments, dyes, dispersants, etc., which also limit
the recycling and reuse of PET fibers. Therefore, reused PET fibers are normally applied
in lower value uses, e.g., reinforced fibers and fillers. In 2018, textile recovery in China
was only 15% [16]. The mechanical recycling process has been well established for PET
bottles. Substantial research has been carried out to upcycle PET flakes, and the most
commonly used method is to add a chain extender during melt processing, which provides
a reasonable solution for the recycling of discarded PET fibers [17].

The chain extender is an additive containing at least two functional groups that can
react with the groups of macromolecular segments to generate new covalent bonds, which
produce polymers with high molecular weight and recovery properties. As far as PET
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is concerned, the commonly used chain extenders with functional groups that can react
with PET end groups include oxazolines [18,19], pyromellitic anhydride [20–24], organic
phosphites [25–28] and epoxides [29,30]. Among them, the epoxides chain extenders
are extensive, economical and efficient, offering great application prospects. Bikiaris and
Karayannidis found that the excess epoxy groups would react with the hydroxyl end groups
and react with the new hydroxyl groups created by the bonding of epoxides and carboxyl
groups [31]. Haralabakopoulos [30] used five commercial diepoxides as chain extenders
to extend PET molecules and they found the modified PET exhibited higher intrinsic
viscosities than the unprocessed PET. Moreover, it is proved that the cyclic diepoxides have
better chain extension effects than diglycidyl ether.

Polyfunctional chain extenders could also enhance the processability of recycled
polyesters. One of the most common representative commercial chain extenders is the
Joncryl® ADR series of BASF, with a number average functionality of fn > 4, which are
introduced in various polymers to enhance the rheological properties, melt strength and
molecular weight [32]. Xiao li-ren et al. studied the effects of Joncryl® ADR 4370s on the
relative molecular mass, distribution, branching and gel structure of recycled PET [33].
Supawee Makkam and Wanlop Harnnarongchai studied the effect of Joncryl® ADR 4380
on the improvement of molecular structure and elongation properties of rPET [34]. Addi-
tionally, all found that the modified PET has a long chain branched structure and increased
molecular weight after modified by ADR, which can cause a significant change in its
rheological properties and improving properties.

In order to achieve better recovery properties of rPET, a series of copolymers with
epoxy functional groups were also synthesized [35–38]. Benvenuta Tapia et al. synthe-
sized a series of copolymers, e.g., a triblock polymers with middle block of poly(styrene-
acrylonitrile) and two end blocks of poly(styrene-glycidyl methacrylate) (SGMA-SAN-
SGMA), a triblock polymer with a middle block of poly(butyl acrylate) and extreme blocks
of poly(styrene-glycidyl methacrylate) (SGMA-BA-SGMA) and a random copolymer of
glycidyl methacrylate and styrene (GMS-ran-S) as a chain extender for polyester via re-
versible addition-fragmentation transfer (RAFT) and nitroxide mediated polymerization
(NMP), respectively [39–45]. Moreover, the application of copolymers in the processing of
polyester greatly improved the molecular weight and rheological properties of polyester.

However, the chain extension and its effect on the properties of waste PET fibers was
rarely investigated. Herein, 1,4-Butanediol diglycidyl ether (EPOX) with 2 epoxy groups,
Joncryl® ADR-4468 with about 9–15 epoxy groups and three synthesized poly(glycidyl
methacrylate-co-methyl methacrylate-co-styrene) (P(GMA-co-MMA-co-S)) with 38–132 epoxy
groups per molecule, were used as a chain extender of discarded PET fibers. In this study,
we present a comprehensive analysis of these five chain extenders with a different number
of epoxy groups in order to obtain a deeper understanding of the influence on the molecule
weight, molecular architecture and thermal properties of r-PET fibers. This study opens an
avenue for the recycling of PET textiles.

2. Materials and Methods
2.1. Materials

Waste PET fibers from polyester textile wastes (referred to as rPET-F) and waste PET
bottle flakes from discarded drink bottles (referred to as rPET-B) were supplied by Fujian
Baichuan Resources Recycling Science and Company, Quanzhou, Fujian Province, China.
rPET-F were exposed to a granulator to produce densified particles before use. Fiber-
grade virgin PET particles (vPET) were purchased from DuPont Company, Wilmington,
Delaware, USA. 2,2-Azobis(isobutyronitrile) (AIBN, initiator), glycidyl methacrylate (GMA,
99+%), methyl methacrylate (MMA, 99%) and styrene (St, 99%) were provided by Macklin,
Shanghai, China. To remove the inhibitor and to obtain epichlorhydrin-free, GMA, MMA
and St were passed through the basic alumina column. Tetrahydrofuran (THF, 99%),
phenol and 1,1,2,2-tetrachloroethane were provided by Aladdin, Shanghai, China. The
chain-transfer agent, S-1-odecyl-S-(α,α′-dimethyl-α′′-acetic acid) trithiocarbonate (TC),
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was synthesized according to the literature [46]. EPOX with 2 epoxy functional groups
was purchased from Aldrich and used as received. Joncryl® ADR-4468, a styrene-acrylic
multi-functional epoxide oligomeric agent with about 9–15 epoxy functional groups per
molecule were purchased by BASF and used as received.

2.2. Synthesis of Copolymers

The block copolymers P(GMA-co-MMA-co-S) (PGMS) were synthesized via RAFT
polymerization in a schlenk tube. The copolymers were prepared by the RAFT polymer-
ization of GMA MMA and St. AIBN as the initiator, TC as the chain transfer agent and
monomers and THF as the solvent were subsequently added to the tube. The solution
was degassed using freeze-pump-thaw techniques (3 cycles) and the tube was immersed
in an oil bath at 80 ◦C. Polymerization proceeded for 24 h under magnetic stirring and
then stopped by cold water. The copolymer was purified by precipitation in methanol and
filtration. The light-yellow powder was obtained after drying in a vacuum oven at room
temperature for 2 days. PGMS with different content of GMA (defined as PGMS1, PGMS2
and PGMS3) were prepared by adjusting the feeding molar ratio of GMA/MMA/St from
9/2/1, 7/2/1 to 5/2/1.

2.3. Blending Process of PET with Chain Extenders

EPOX, Joncryl® ADR-4468 and synthesized copolymers (PGMS1, PGMS2 and PGMS3)
were used as the chain extender for rPET-F. The rPET-F was kept for 24 h in a 110 ◦C
pre-heated oven before the blending process. Mixing of rPET-F with the chain exten-
ders was performed in a RM-200B torque rheometer with a 50 mL internal chamber
at 260 ◦C and 40 rpm for 7 min. 60 g of rPET-F and fixed amount of chain extender
(0.5 wt%–1.5 wt% of rPET-F) were added in the intensive mixer. The melted samples after
blending were cooled at room temperature.

2.4. The Melt Flow Rate

The melt flow rate (MFR) of PET samples were determined by a MFI452-A melt flow
module, using an overhead weight of 2.16 kg at 257 ◦C. The tests of MFR were in accordance
with GB/T 3682-2000.

2.5. Intrinsic Viscosity

The rPET-F, rPET-B, vPET and chain extended rPET-F were dissolved in 50/50 1,1,2,2-
tetrachloroethane/phenol solution (w/w) and intrinsic viscosity (IV) values were measured
by the Ubbelohde viscometer at 25 ◦C. The molecular weight was calculated in Equation (1)
as follows [47]:

IV = 2.1 × 10−4 × (Mn)0.82 (1)

The insoluble content of the chain extended rPET-F were determined according to
Xiao et al. [33].

2.6. Gel Permeation Chromatography

The molecular weights of the copolymers were monitored by gel permeation chro-
matography (GPC), using Agilent 1260 infinity II equipped with a G7110B isocratic pump
and G7162A refractive index detector at a temperature of 50 ◦C at a flow rate of 1 mL/min
with polystyrene standards. The samples dissolved in DMF at room temperature and
filtrated by 0.2µm PTFE filter prior to GPC test.

2.7. Nuclear Magnetic Resonance Spectroscopy

Proton nuclear magnetic resonance spectroscopy, 1H NMR (400.13 MHz), was per-
formed on a Bruker 400 MHz spectrometer to measure the copolymer composition. About
10 mg of copolymer samples were dissolved in tritiated chloroform and scanned 32 times
at room temperature.
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2.8. Thermal Gravimetric Analysis

Thermal gravimetric analysis (TGA) was conducted in an analyzer (Q50, TA Instru-
ments, New Castle, DE, USA) to measure the thermal stability of PLA. Approximately 8 mg
of samples were heated from 30 to 600 ◦C with a heating ramp of 10 ◦C/min in an inert
atmosphere (N2).

2.9. Differential Scanning Calorimetry

The melting and crystallization behaviors of the PET samples were recorded on a TA
Instruments Q20 differential scanning calorimeter (DSC). The samples (6–8 mg by weight)
were sealed in aluminum hermetic pans and subjected to a heat/cool/heat cycle over the
temperature range 30–280 ◦C with a linear heating and cooling rate of 10 ◦C/min. The
glass transition temperature (Tg), crystallization and melting behavior of the polymer were
determined from the second heating curve and analyzed using the commercially available
Universal Analysis software (TA Instruments).

2.10. Dynamic Rheological Measurements

The complex viscosity and modulus were measured in a TA DHR-2 rheometer using
standard 25 mm parallel plates. When the temperature stabilized at 265 ◦C for about 5 min,
the sample was loaded between the parallel plates and melted at 265 ◦C for 1 min. Before
each test, the parallel plate compressed the sample to a thickness of 1.00 mm. The stability
of samples was checked through the dynamic time sweep test at 1 Hz and 265 ◦C with the
stain amplitude of 1%. Frequency sweeps were performed in the range of 0.01–100 rad/s
with a given strain amplitude of 1% within the linear viscoelastic region.

3. Results
3.1. Properties of the rPET-F, rPET-B and vPET

Compared with rPET-B, the recycling of rPET-F is still a challenge and rarely reported.
Firstly, the rheological properties, thermal properties and chemical structure of rPET-B,
rPET-F and vPET were investigated and compared. The IV value is an important index to
measure the quality of polyester and it is also the most commonly used parameter to guide
the actual production process. IV and MFR values of three PET samples are summarized
in Table 1. The IV values of rPET-F is 0.58 dL/g, lower than rPET-B and vPET. At the
same time, the MFR value obtained for rPET-F, rPET-B and vPET were 48.8 g/10 min,
18.6 g/10 min and 14.6 g/10 min. The lower IV value and higher MFR value of rPET-F
implied that the decreased molecular weight and higher impurities during its use and
recycling procedure [48].

Table 1. The IV, the MFR and thermal properties of PET samples.

Samples IV (dL/g) MFR (g/10 min) Tg (◦C) Tm (◦C) Tc (◦C) Tonset (◦C)

rPET-F 0.58 48.8 80.1 248.1 209.4 385.8
rPET-B 0.66 18.6 80.7 251.0 202.1 398.7
vPET 0.68 14.6 83.9 254.9 179.0 400.6

Table 1 and Figure 1a present the thermal behaviors. The thermal crystallization
temperature (Tc) of rPET-F is 209.4 ◦C, higher than that of rPET-B and vPET, which is
attributed to the additives introduced during spinning (e.g., pigments, dyes, spinning oil,
etc.). These impurities serve as nucleation sites to increase the crystallization temperature.
In addition, the rPET-F shows a rather broad melting peak, which corresponds to the wide
distribution of lamellae thickness caused by a wider molecular weight distribution [49].
Figure 1b displays the TGA trace of the rPET-F, rPET-B and vPET. As shown in Figure 1b
and Table 1, the Tonset of rPET-B decreases 2 ◦C compared with vPET. It can also be seen that
the Tonset of rPET-F reduces 14.8 ◦C in relation to vPET, which means the thermal stability
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rPET-F is worse than rPET-B and vPET. Such a result is related to the broken molecular
chain mentioned above.

Figure 1. (a) DSC curves, (b)TGA curves, (c) FTIR spectra and (d) complex viscosity as function of
frequency of rPET-F, rPET-B and vPET.

Figure 1c presents the FT-IR spectra of the PETs signals. The absorption peaks at
721 cm−1, 871 cm−1 and 1238 cm−1 indicate the presence of the aromatic ring. The ab-
sorption peaks at 3100 cm−1 and 3500 cm−1 are signed to hydroxyl groups (-OH). The
peak of methylene oxy (-OCH2) appears at 1116 cm−1. One can observe that no significant
difference in the infrared spectra of the three kinds of PET. This indicates that the chemical
structure of the three PETs have basically not changed.

Rheological behavior can well quantify the changes in the molecular weight and
structure of polymers. Figure 1d displays complex viscosity as a function of angular
frequency for rPET-F, rPET-B and vPET. All the samples show the Newtonian behavior
throughout the whole frequency range, which indicates linear chains [50]. It also can
be seen that the rheological curve for rPET-F is characterized to be the lowest complex
viscosity throughout the whole frequency range. Such behavior is associated with the
results observed in the intrinsic viscosity, the melt flow rate and thermal properties, where
the rPET-F present a lower molecular weight and more impurities than rPET-B and vPET.

To achieve the upcycling of rPET from waste textiles, the improvement of lower
viscosity and worse thermal stability of rPET-F were highly needed. Here, the chain
extension of rPET-F was designed to improve their properties. Additionally, the effect of
chain extenders with different structure and functional group numbers on the property
improvement were investigated in detail.
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3.2. Synthesis and Characterization of Chain Extender

To investigate the influence of epoxy groups on the properties and structure of the
modified rPET, EPOX, ADR-4468 and PGMSx, copolymers with different GMA content
were chose as chain extenders. EPOX is a small molecule, which contains 2 epoxy groups
capable of reacting with the carboxyl end of the PET segment (and to a lesser extent, the
hydroxyl groups). Additionally, ADR-4468 has 5–9 epoxy groups and the number average
molecular weight (Mn) is –2000. In addition, RAFT polymerization was introduced to syn-
thesis the copolymers PGMS with controlled molecular weight and chemical composition.
Figure 2 left shows the 1H NMR spectrum for PGMS, which presents significant chemical
shifts of the phenyl protons of St in the 6.8–7.4 ppm region and the methyl ester group of
MMA at 3.6 ppm. Meanwhile, the chemical shifts of the methyl protons and methylene oxy
(-OCH2) protons of GMA at 0.5–1.2 and 3.7–4.5 ppm, respectively. These results suggests
that the PGMS copolymers are successfully synthesized.

Figure 2. The 1H NMR spectrum of PGMS in CDCl3 (left) and the GPC curves of PGMS copoly-
mers (right).

To investigate the influence of epoxy group in PGMS on the structure of the modified
PET, PGMSx with different GMA content, PGMS1 with 76.0%, PGMS2 with 70.4%, and
PGMS3 with 60.6%, were synthesized. The GPC traces of PGMS1, PGMS2, and PGMS3
are shown in Figure 2 right. The GPC curves of PGMSx are unimodal and symmetric.
Furthermore, Table 2 presents the number-average molecular weight (Mn), weight-average
molecular weight (Mw) and polymer dispersity index (PDI) of PGMSx from GPC, revealing
the Mn in the range of 28,000–63,000 g/mol, the Mw in the range of 51,000–99,000 g/mol
and the PDI ranged from 1.58 to 1.80. Meanwhile, the contents of each segment of the
PGMSx are listed in Table 2. The average number of epoxy groups per molecule (Nepoxy)
for PGMS1, PGMS2, and PGMS3 is 38, 70 and 152, respectively. Epoxide number of PGMS1,
PGMS2, and PGMS3 is calculated as 0.24, 0.18, and 0.14 mol/100 g, which is lower than
ADR (0.17–0.3 mol/100 g) and EXOP (0.99 mol/100 g). Multifunctional epoxide moieties in
PGMS play important roles in the chain extension of PET.

Table 2. Chemical composition, molecular weights, and PDIs of five chain extenders.

Samples GMA
(mol%)

S
(mol%)

MMA
(mol%) Nepoxy

Mn
(g/mol)

Mw
(g/mol)

Epoxide Number
(mol/100 g) PDI

PGMS1 76.0 1 11.0 1 13.0 1 152 63,000 2 99,000 2 0.24 1.58 2

PGMS2 70.4 1 14.1 1 15.5 1 70 38,000 2 61,000 2 0.18 1.59 2

PGMS3 60.6 1 19.4 1 20.0 1 38 28,000 2 51,000 2 0.14 1.80 2

ADR-
4468 30–50 - - 5–9 <2500 7250 0.17–0.3 >3

EPOX - - - 2 202 - 0.99 -
1 Determined from NMR analysis. 2 Determined from GPC analysis.
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3.3. IV and MFI of the Chain Extended PET Samples

The chain extension of rPET-F samples was performed in a torque rheometer and
x% EPOX/rPET-F, x% ADR/rPET-F and x% PGMSx/rPET-F present the extended rPET-F
samples with x% EPOX, ADR and PGMSx as chain extender, respectively. IV and MFR
of chain extended rPET-F samples are shown in Table 3. As observed in Table 1, the MFR
value of rPET-F is 48.8 g/10 min. It is obvious that with the addition of the chain extender,
the MFR of all modified PET samples decrease. The higher the chain extender content is,
the higher the MFR values of modified PET. After the chain was extended by EPOX, the
MFR of 1.5%EPOX/rPET-F decreases to 24.2 g/10 min since EPOX have a slight effect on
molecular weight in the specified blending time. It also could be found that the MFR of
1.5%ADR/rPET-F obviously decreases to 13.4 g/10 min, informing the successful reaction
between ADR and rPET-F. Furthermore, the best result of MFR was obtained with the
addition of 1.5% PGMS1, which decreases to 10.4 g/10 min. Compared with ADR-4468,
PGMS contains more epoxide moieties per chain, which increases the molecular weight and
more branched chains of the modified PET chain. In addition, for chain extended rPET-F
modified by copolymers, 1.5%PGMS3/rPET-F shows a lower MFR value of 13.2 g/10 min
due to the only 38 epoxy groups per chain. Therefore, the epoxy numbers per chain greatly
influence the MFI values of modified PETs.

Table 3. The IV and the MFR of chain extended rPET-F samples.

Samples MFR (g/10 min) IV (dL/g) Mn (g/mol) Insoluble Content (%)

0.5%EPOX/rPET-F 50.2 0.62 17,100 -
1.0%EPOX/rPET-F 44.6 0.66 18,400 -
1.5%EPOX/rPET-F 24.2 0.70 19,800 -
0.5%ADR/rPET-F 18.6 0.72 20,500 -
1.0%ADR/rPET-F 15.5 0.78 22,600 -
1.5%ADR/rPET-F 13.4 0.86 25,400 -

0.5%PGMS1/rPET-F 16.3 - 6.7
1.0%PGMS1/rPET-F 13.6 - 10.7
1.5%PGMS1/rPET-F 10.4 - 14.7
0.5%PGMS2/rPET-F 16.4 - 5.3
1.0%PGMS2/rPET-F 14.8 - 10.4
1.5%PGMS2/rPET-F 11.0 - 13.1
0.5%PGMS3/rPET-F 16.3 - 4.0
1.0%PGMS3/rPET-F 13.3 - 8.9
1.5%PGMS3/rPET-F 13.2 - 10.6

Due to the multifunctional groups of chain extenders, crosslinking structure are
inevitably formed in the melting expansion process. It was found that rPET samples
modified by PGMS are partly insoluble in the solvent during the IV measurements. Thus,
an estimation of the crosslinking content of the insoluble samples was conducted and
the results are shown in Table 3. It is found that both higher epoxy numbers per chain
and higher content of the chain extender significantly increased the insoluble content of
the sample.

3.4. Thermal Characterization of the PET Samples

The thermal behaviors of PET samples were investigated, and the results are shown in
Figure 3 and Table 4. For the difunctional EPOX, the thermal crystallization temperature (Tc)
of 1.5%EPOX/rPET-F reduces to 198.7 ◦C, 10.7 ◦C lower than that of rPET-F. Moreover, the
Tg of EPOX/rPET-F system decrease as increasing the content of EPOX. This result could be
explained by the chain growth of rPET, which hinder the mobility of macromolecules and
increase intermolecular entanglement. Such increased molecular entanglement reduces the
crystallization rate, the degree of crystallinity, the crystallite size of the formed crystals and
the amorphous regions, which increase segmental mobility leading to the lower Tg and Tc.
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Figure 3. DSC curves for rPET-F modified by EPOX and ADR-4468, (a) cooling scan, (b) heating scan;
DSC curves for rPET-F modified by different PGMS, (c) cooling scan, (d) heating scan.

Table 4. The crystallization temperature, melting point and glass transition temperature of modified
rPET-F blends.

Samples Tc (◦C) Tm (◦C) Tg (◦C)

0.5%EPOX/rPET-F 210.7 246.4 75.7
1.0%EPOX/rPET-F 206.9 244.5 73.7
1.5%EPOX/rPET-F 198.7 240.2 72.1
0.5%ADR/rPET-F 208.0 247.2 77.5
1.0%ADR/rPET-F 205.8 245.5 78.1
1.5%ADR/rPET-F 204.5 245.7 77.5

0.5%PGMS1/rPET-F 215.5 250.4 78.5
1.0%PGMS1/rPET-F 215.5 249.9 77.5
1.5%PGMS1/rPET-F 214.7 249.5 77.9
0.5%PGMS2/rPET-F 215.7 248.9 77.3
1.0%PGMS2/rPET-F 214.5 250.2 79.1
1.5%PGMS2/rPET-F 214.3 249.0 77.5
0.5%PGMS3/rPET-F 215.5 250.4 76.9
1.0%PGMS3/rPET-F 213.8 249.7 78.1
1.5%PGMS3/rPET-F 213.4 249.0 77.6

The polyfunctional chain extenders, ADR-4468 and PGMSx, were also added as a
chain extender to rPET-F. Interestingly, the results of PGMS/rPET-F and ADR/rPET-F
exhibit completely opposite thermal behaviors and properties. As seen, Tc of PGMS/rPET-
F and ADR/rPET-F do not decrease as EPOX/rPET-F. Tc of ADR/rPET-F is lower than that
of rPET-F, which decreases from 208.0 ◦C to 204.5 ◦C with the increase in ADR addition.
Additionally, all PGMS/rPET-F samples show higher Tc than rPET-F, ranged from 213.4 ◦C
to 215.7 ◦C, which is less related with the content of PGMS. Compared with rPET-F,
PGMS/rPET-F and ADR/rPET-F show a slight decrease in Tg, from 80.1 ◦C to 77–79 ◦C.
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It has been demonstrated that the content of polyfunctional chain extenders within an
appropriate value which did not suppress the crystallization as reported [51–53]. The
addition of polyfunctional chain extender induces a branched structure, which restricts the
movement of PET chains and suppresses the crystallization. Meanwhile, the branched sites
could act as crystal nucleation regions which promote the crystallization of PET [51,54].
Moreover, it is interesting to note that the PS segment in the chain extender could also act
as nucleating agents to promote crystallization, as previously reported [55]. In addition,
the transition from linear to branched chains increases the number of free chain ends and
disrupts the packing of the polymer chains, thereby reducing the impediment to segment
mobility resulting in a decrease in Tg. These things work together to generate minor
changes in Tc and Tg. The inhibiting effect is obvious for ADR and the positive effect is
dominant for PGMS/rPET-F. Therefore, via tuning the chemical structure and Nepoxy of
the chain extender molecule, the chain extended rPET-F samples with different thermal
properties and macromolecular structures could be prepared for further applications.

3.5. Rheological Behavior of the PET Samples

The dynamic rheological frequency sweep was conducted to investigate the structures
of the chain extended rPET-F samples which were modified by different chain extenders.
Figure 4 shows the dynamic time sweep of modified rPET-F for a time period of 30 min at
265 ◦C and a frequency of 6.28 rad/s, normalized by their initial values at t = 0. It is clear
that the viscosity of rPET-F exhibits significant reductions with increasing test time, given
that a loss in molecular weight caused by the accelerated chain-scission reactions at 265 ◦C.

Figure 4. Dynamic time sweeps of various modified rPETs.

The chain extension of rPET-F increases its complex viscosity as shown in Figure 4.
Obviously, complex viscosity of extended rPET-F by 1.5% EPOX continues increasing
from 39 Pa.s to 1800 Pa.s in the dynamic rheological frequency sweep, which indicates
1.5% EPOX/rPET-F presents an insufficient reaction in the torque rheometer, and EPOX
needs a long time to react with rPET-F, even under high temperature and shear force,
which is caused by higher epoxide number (0.99 mol/100 g for EPOX) and more epoxy
group addition. To obtain the reliable rheological date of EPOX/rPET-F, the samples were
annealed at 250 ◦C for 30 min to accelerate the chain-extension reaction. It should be
noted that in the actual processing, the extrusion in the production process of factory could
not provide sufficient time for reaction of rPET-F with EPOX. The residual epoxy group
continues to react and influences the properties during use.

As shown in Figure 4, the complex viscosity of 1.5% ADR/rPET-F increases only 4%
over 25 min, indicating the 1.5% ADR/rPET-F maintains a stable viscoelastic response.
The slight increase in complex viscosity of 1.5% ADR/rPET-F also reflected that the ADR
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reacted fully with rPET-F in the torque rheometer. The PGMSx/rPET-F show roughly
similar results to ADR/rPET-F, which demonstrated that the rPET-F have a rapid chain
extension reaction with polyfunctional chain extenders.

In order to gain a clear idea of the final polymer topology, we conducted the dynamic
strain sweep tests. Figure 5 shows the linear viscoelastic functions (η*) of chain extended
rPET-F versus the frequency. It can be seen that rPET-F presents typical Newtonian behavior
throughout the whole frequency range, which is characteristic of linear polymers. After
30 min annealing, EPOX/rPET-F samples show an obvious increase in the complex viscosity
compared with rPET-F throughout the whole frequency region, which means the molecular
chain growth. Meanwhile, for polyfunctional chain extenders, extended rPET-F shows
about 5 to 300 times of complex viscosity higher than that of rPET-F in the low frequency
area. Additionally, the complex viscosity of ADR/rPET-F and PGMSx/rPET-F gradually
decreases with increasing frequency, which is a typical shear thinning behavior. Such
behavior is due to the change in polymer chain entanglement and the enhancement of the
relaxation mechanism [21,56].

Figure 5. Complex viscosity (η*) vs. angular frequency (ω) for various modified PETs by (a) EPOX,
(b) ADR-4468, (c) PGMSx and (d) different chain extender at in the same concentration.

In particular, 1.5% PGMS1/rPET-F presents the highest complex viscosity in the low
frequency area and the highest shear sensitivity and non-Newtonian behavior as shown in
Figure 5c,d, which is the result of the highest level long-chain branches (LCB) caused by
higher Nepoxy [57]. At the same time, the increase in the shear thinning make processability
more efficient at high rates.

The ADR/rPET-F exhibits a different shape of the viscosity functions, which shows
a smaller decrease in complex viscosity with increasing frequency and higher complex
viscosity system in a high frequency region compared to PGMSx/rPET-F. It was reported
that the value of η* reflected the different branch structures of modified r-PET, especially at
low frequencies [57]. Thus, the above results of ADR/rPET-F might be caused by the lower
branched segments [58]. Thus, Nepoxy significantly influences the molecular architecture of
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the modified rPET-F. At the same time, insoluble chains in PGMSx/rPET-F also reveal that
the highly branched structure and crosslinking structure was formed, which is consistent
with the complex viscosity results.

Figure 6a shows the Han plots of rPET-F and modified rPET-F, the loss modulus (G′′)
as a function of storage modulus (G′). It can be seen that the curves are shifting toward
to right with the increase in the amount of chain extender and number of epoxy groups
on the chain extender molecule, which demonstrates that the extent of the G′ change is
slightly higher than that of the G′′ change with the frequency. The increase in G′ reveals
that the behavior of modified PET by polyfunctional chain extenders transformed from
liquid-like to solid-like with better melt elasticity. It is well known that melt elasticity is
directly related to melt strength, which means that the chain extender improves the melt
strength of the r-PET [39]. Figure 6b presents the damping factor (tan δ) of all samples,
which referred to the angle that the strain lagged behind the stress. It is obvious that tan δ
of rPET-F is much higher than that of modified rPET-F by polyfunctional chain extenders,
which demonstrated that rPET-F exhibit more viscous than elastic. On the other hand, the
tan δ of modified rPET-F decrease with the increase in the amount of chain extender and
number of epoxy groups present on the chain extender molecule, which ascribes to the
formation of a more branched structure [58–60].

Figure 6. Han plots for various modified PETs (a), dynamic loss tangent (tan δ) as a function of ω for
various modified PETs (b), vGP plots for various modified PETs (c) and Cole–Cole plots for various
modified PETs (d).

To further distinguish the differences in the molecular structure of rPET-F modified by
different chain extenders, the van Gurp-Palmen (vGP) plot and the Cole-Cole plot were
drawn. By plotting phase angle verse complex modulus, the van Gurp-Palmen (vGP) plot
is frequently used to characterize the topology of polymers [61–63]. It was known from the
literature that the lower phase angle indicates the higher level of LCB [64]. As shown in
Figure 6c, the rPET-F exhibits the typical behavior of a linear polymer, with a plateau of
90◦ in the whole |G*| range. For the 0.5% ADR/rPET-F, the vGP plots shows the same
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trend as rPET-F, suggesting that ADR/rPET-F system with the 0.5% ADR-4468 is a linear
polymer. Moreover, the 1.0% ADR/rPET-F and 1.5% ADR/rPET-F present a lower δ in
the higher value interval, which indicates that the existence of LCB with high content of
ADR-4468. The vGP plots of the PGMS/rPET-F system deviate from the curve of the rPET-F
and moves to a lower phase angle position. Therefore, 1.5% PGMS/rPET-F presents the
highest LCB degree.

Previous research [58,60,65] has shown that the Cole-Cole plots of a linear chain is
semi-circular and the diameter of the semicircle become larger as the molecular weight
increases. The Cole-Cole plots of r-PET samples are shown in Figure 6d, and it can be
seen that the Cole-Cole plots deviate from the semi-circular shape and gradually rise in
the low-frequency region, which is due to the rheological changes in the longer relaxation
time in the low frequency region, which is caused by the appearance of long-branched
structures [66–68]. The irregular shape of the semicircle is caused by the low viscosity
of rPET-F. The radius of the PGMS/rPET-F curve gradually increases, and the upward
warping trend becomes more obvious with the increase in the amount of chain extender
and Nepoxy, which demonstrates an increase in the long-branched structure. However, the
radius of the Cole-Cole curve of the ADR/rPET-F increased without the upward warping
trend, indicating a lower degree of branching. Based on the results above, it can be seen
that more functional groups lead to a more branched chain of the modified rPET-F.

According to the rheological behavior results of modified rPET-F, the average number
of epoxy groups, as the paramount reaction site in chain extension, plays a pivotal role in
the branch structures formation in modified rPET-F samples. Hence, branching is more
likely to happen when ADR and copolymers are used with a high number of epoxy groups,
as shown in Scheme 1. The above results show that the addition of chain extenders increases
the complex viscosity of rPET-F. Moreover, the van Gurp-Palmen plot and Cole-Cole plot
of modified rPET-F indicate higher levels of branching in the chain extender with more
epoxy groups.

Scheme 1. Schematic representation of chain extended rPET-F in this study.

4. Conclusions

In this study, in order to achieve the upcycling of rPET-F, we synthesized a series of
reactive copolymers PGMS with a high content of epoxy groups via RAFT polymerization
as the chain extender of rPET-F, and compared this with EPOX and ADR-4468, which
contain 2 and 5–9 epoxy groups, respectively. The effect of the number of epoxy groups on
the thermal properties, rheological properties, and molecular structure changes of modified
rPET-F were explored. Chain extension obviously improves MFR and IV values, and
the crystallization temperature of EPOX/rPET-F and ADR-4468/rPET-F shifts to lower
temperature, but PGMS addition leads to a higher crystallization rate compared to rPET-F.
The rheological analysis shows that ADR-4468 and PGMS present faster reactive rates than
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EPOX, implying that ADR-4468 and PGMS possess better prospects in the actual production
process in a factory setting. ADR-4468/rPET-F exhibit slight shear thinning behavior and
a low degree of branching rheological results. On the other hand, the PGMS/rPET-F
present more pronounced shear thinning behavior with higher LCB levels, resulting from
more epoxy groups per chain. The study provides an effective strategy for the high-value
utilization of rPET from waste textiles, suggesting that rPET-F with different qualities can
be modified by chain extenders with a different number of epoxy groups, and can be used
in a wide range of applications, such as spinning, film and foam materials, etc.
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